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GENOTOXICITY AS A BIOMARKER FOR
INFLAMMATION

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 13/865,798, filed Apr. 18, 2013, which applica-
tion 1s a continuation ol U.S. patent application Ser. No.
12/761,330, filed Apr. 15, 2010, 1ssued on May 21,2013 as
U.S. Pat. No. 8,445,200, which application claims the benefit

of U.S. provisional patent application No. 61/169,528, filed
Apr. 15, 2009, the entire contents of which are incorporated
herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with Government support of
Grant No. ES009519, awarded by the National Institutes of
Health. The Government has certain rights 1n the invention.

TECHNICAL FIELD OF THE INVENTION

The present invention relates generally to detection, diag-
nosis, and monitoring of inflammation, such as inflammatory
bowel disease. The imnvention more specifically pertains to use
ol systemic genotoxicity as a marker for inflammation.

BACKGROUND OF THE INVENTION

Currently, mtestinal inflammation is monitored through
disclosure of patient symptoms, endoscopy with histology,
and other radiological imaging methods, such as ultrasound
and CT scans. Recently, several groups have proposed the use
of fecal matter to measure levels of neutrophil-granular pro-
teins released from activated neutrophils, such as lactofenin,
calprotectin, and polymorphonuclear neutrophil elastase via
ELISA (enzyme-linked immunosorbent assay), which corre-
lated to endoscopic presence and severity of inflammation. In
addition to fecal proteins, serum levels of C-reactive protein
(CRP) have been measured as indicators of intestinal inflam-
mation.

Accuracy of inflammatory activity 1s hindered, however,
by the biased nature of symptom reports by patients, as well
as by inconsistent findings with the use of fecal proteins as
indicators of inflammation. Although these fecal proteins are
able to differentiate active versus 1nactive disease, none of
these markers are consistently superior to retlect intlamma-
tion confirmed by endoscopy, and CRP has a very low diag-
nostic accuracy. These fecal and serum markers have there-
fore been suggested to be used 1n combination with symptom
disclosure to accurately diagnose intestinal inflammation.

There 1s a need to 1dentily improved markers for intlam-
matory disease. There 1s also a need for methods of detecting
subclinical inflammation.

SUMMARY OF THE INVENTION

The invention provides a method for detection of intlam-
matory disease activity in a subject. In one embodiment, the
method comprises assaying a test sample of peripheral blood
from the subject for a marker of DNA damage. The amount of
marker present in the test sample 1s then compared to that
present 1in a control sample. The method can be adapted for
quantitatively monitoring the efficacy of treatment of inflam-
matory disease 1n a subject. An elevated amount of marker
present 1n the test sample compared to the control sample 1s
indicative of inflammatory disease activity, including sub-
clinical inflammation.
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In one embodiment, the marker of DNA damage 1s single-
and/or double-stranded breaks in leukocytes. Such strand
breaks can be detected by immunoassay for y-H2AX and/or
an alkaline comet assay. In another embodiment, the marker
of DNA damage 1s oxidative DNA damage 1n leukocytes, or
a marker of nitric oxide oxidative activity (protein nitrosyla-
tion 1n leukocytes). Oxidative DNA damage can be assayed
via an enzyme hOggl-modified comet assay or by immu-
noassay for 8-oxoguanine. An underlying oxidative process
(nitric oxide-mediated oxidation) can be assayed by immu-
noassay for protein nitrotyrosine. In a further embodiment,
the marker of DNA damage 1s micronuclel formation in
mature, normochromatic erythrocytes. The inflammatory dis-
case can be inflammatory bowel disease, ulcerative colitis,
Crohn’s disease, or sub-clinical inflammation. The invention
may also be used for detection of other types of inflammatory
disease, such as non-immune ntestinal inflammatory disease
(diverticulitis, pseudomembranous colitis), autoimmune dis-
cases (rheumatoid arthritis, lupus, multiple sclerosis, psoria-
s1s, uveitis, vasculitis), or non-immune lung diseases
(asthma, chronic obstructive lung disease, and interstitial
pneumonitis).

Also provided 1s a method for monitoring the efficacy of
treatment ol inflammatory disease 1n a subject. The method
comprises assaying a test sample ol peripheral blood obtained
from the subject at a first time point for a marker of DNA
damage, and again at a second time point, and comparing the
amount ol marker present in the test samples obtained at the
first and second time points. A decreased amount of marker
present 1n the test sample obtained at the second time point

compared to the test sample obtained at the first time point 1s
indicative effective treatment of inflammatory disease.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Disease Activity Index (DAI) of DSS Treated vs.
Non-Treated Mice. DSS treated mice (n=10) demonstrated
significantly higher disease activity indices every day after
Day 4 of Cycle 1 (p<0.001), Day 3 of Cycle 2 (p<0.001), and
Day 2 of Cycle 3 (p<0.001) compared to non-treated mice
(n=10). Data are represented as meanzstandard error of the
mean (SEM). T: Blood collection points.

FIG. 2. Mean Olive Taill Moments. At least 150 “comets”
were scored per mouse 1n the DSS treated group (n=10) and in
the non-treated group (n=10). Data were log transformed
before applying statistical tests, and are represented as
meanxSEM. *: p<0.03, **: p<t0.01.

FIGS. 3A-3B. yv-H2AX {foci and Micronucleus Induction.
FIG. 3A. Percent positive cells for y-H2AX {foc1 1in peripheral
leukocytes. Presence of double strand breaks was confirmed
by immunofluorescence of yv-H2AX. Positive cells contained
>4 distinct nuclear foci. Image caption: Positive and negative
cell for nuclear foci, 100x magnification. At least 125 cells
were analyzed per sample. Data are represented as
mean+=SEM, n=10 per treatment group. **: p<0.01, *: p<<0.05
FIG. 3B. Micronucleus induction in peripheral normochro-
matic erythrocytes. At least 4000 normochromatic erythro-
cytes were counted and scored for presence of micronucler.
Data are represented as mean+SEM ol micronucleated nor-
mochromatic erythrocytes (MN-NCE) per 1000 NCEs.
Image caption: MN-NCEs and NCEs, 100x magnification.
¥ p<0.01, *: p<0.05, by nonparametric one way ANOVA
with Dunn’s multiple comparison test. ANOVA of normal
linear regression showed eflect of treatment, cycle of treat-
ment and 1interaction of effect of treatment and cycle of treat-
ment to be significant (p<t0.01).
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FIGS. 4A-4D. Quantitative Real Time-PCR of Cytokines
in Peripheral Blood. Expression levels of cytokines were
determined only 1 DSS treated mice (n=10). Data are repre-
sented as mean+SEM of gene expression divided by Tbp
expression. FIG. 4A. Transcript levels of TNF-a divided by
Tbp. FIG. 4B. Transcript levels of MCP-1 divided by Tbp.
FIG. 4C. Transcript levels of IFN-y divided by Thp. FIG. 4D.
Transcript levels of TGF-p divided by Tbp. Statistical signifi-
cance was determined by non-parametric one-way ANOVAs
with Dunn’s multiple comparison test. *: p<<0.05, **: p<0.01

FIGS. SA-5D. Systemic Genotoxicity in Mouse Models of
Mucosal Inflammation. Blood was sampled from Gai2™"",
IL.-107"~, and control IL-10*"* mice for genotoxicity assays at
age 3 months; in addition, IL-10~"~ mice were sampled at age
6 months, when colitis 1n this genetic background has pro-
gressed to greater clinical activity. FIG. SA. Representative
colon histology (hematoxylin and eosin staining at indicated
magnifications) from Goui2 and IL-10 mice, both at age 3
months. FIG. 5B. Alkaline comet assay with and without
hOggl incubation was carried out 1n peripheral leukocytes.
Error bars are SEM, n=6 per group. *: p<0.03, **: p<t0.01 by
Student’s unpaired t-test. FIG. 5C. Percent positive cells for
v-H2AX foc1 1n peripheral leukocytes. Error bars are SEM.

*:p<0.05 by Student’s unpaired t-test. FIG. SD. MN-NCEs
per 1000 NCEs 1n peripheral blood. Error bars are SEM. **:
p<<0.01 by Student’s unpaired t-test.

FIGS. 6 A-6C. 8-oxoguanine and Nitrotyrosine Formation
in Peripheral Leukocytes and the Colon. FIG. 6 A. Represen-
tative 1mages ol positive staining for 8-oxoguanine (green,
left) and nitrotyrosine (red, right) in leukocytes of DSS-
treated wildtype (7 days) and IL-10~"~ mice (6 months). FIG.
6B. Percent positive cells for 8-oxoguanine and nitrotyrosine
staining before and after DSS treated mice (7 days), n=6 per
group (LEFT)and in IL-10""" mice (6 months), n=4 per group
(RIGHT). *: p<0.03, **: p<0.01 by Student’s unpaired t-test.
FIG. 6C. Representative images of 8-oxoguanine (green) and
nitrotyrosine (red) in colon sections of IL-10""" mice (6
months) and wildtype mice.

FIG. 7. Disease activity indices (DAIs) of Atm™~, Atm™"~,
and wildtype mice. Atm™~ mice exhibit higher DAIs (**:
p<0.01) by Student’s unpaired t-test compared to Atm™~ and
wildtype mice. Two Atm™~ mice died; one at end of cycle 2,
and one at end of cycle 3. Non-treated mice of all genotypes
had DAIs of 0 throughout the entire study.

FIG. 8 A. Mean olive tall moments of peripheral leukocytes
with and without hOggl 1ncubation. A portion of cells were
treated with H,O,, for 20 min as a positive control. Two-way
ANOVA with Dunn’s multiple comparison test demonstrate
significant (p<0.001) differences between genotypes.

FIG. 8B. Percent positive cells for yYH2AX 1n peripheral
leukocytes of Atm™~, Atm*'~, and wildtype mice. A portion
of cells were treated with H,O,, for 20 min before staining as
a positive control. Two-way ANOVA with Dunn’s multiple
comparison test demonstrated significant treatment effects.
Genotype differences are shown *: p<<0.03, **: p<0.01.

FIG. 9. Micronucleated normochromatic erythrocytes
(MN-NCEs) per 1000 NCEs. ANOVA of a linear regression
model for all three genotypes and treatment cycle eflects were
3k 5<0.01, *: p<0.05 for Atm™~ versus Atm*~ and wildtype
mice unless indicated otherwise.

FIGS. 10A-10I. 8-oxoguanine and nitrotyrosine formation
in peripheral leukocytes and the distal colon. FIGS. 10A-10B.
8-oxoguanine (green) and nitrotyrosine (red) staining in
peripheral leukocytes, respectively (x100). FIGS. 10C-10D.
Percent positive cells for 8-oxoguanine and mitrotyrosine,
respectively, in peripheral leukocytes of Atm ™~ and wildtype
mice. *: p<0.05, **: p<t0.01 by Student’s unpaired t-test.
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FIGS. 10E-10F. Staining 1n the distal colon of wildtype mice
for 8-oxoguanine and nitrotyrosine, respectively, treated with
DSS for 7 days. (x10) FIGS. 10G-10H. Staining 1n the distal
colon of Atm™~ mice for 8-oxoguanine and nitrotyrosine,
respectively, treated with DSS for 7 days. (x10) FIG. 10I.
Quantification of 8-oxoguanine and nitrotyrosine staining in
wildtype and Atm ™~ mice expressed in pixel area with bright-
ness value above a set threshold (arbitraty units). **: p<<0.01
by Student’s unpaired t-test.

FIGS. 11A-111. Cytokine panel 1in peripheral blood by
quantitative real-time PCR. FIGS. 11A-11C. Thl cytokine
panel of TNF-a., MCP-1, and IFN-v, respectively. FIGS. 11D-
11F. IL-12, I1L-23, and IL-6, respectively. FIGS. 11G-111.
Th2 cytokine panel of TGF-p, IL-10, and IL-4, respectively.
Data are mean expression of gene over expression of TBP, the
internal control gene. *: p<0.05, **. p<0.01 by two-way
ANOVA for genotype comparisons.

FIGS. 12A-12D. Flow cytometric analysis of peripheral
leukocytes. FIGS. 12A-12B. Percent gated CD69™ T-cells

(CD4 or CD8a. positive) and CD44™ T-cells, respectively, in
peripheral blood. 15,000 cells were counted per mouse. *:
p<t0.05, **: p<0.01 by Student’s unpaired t-test with Welch
correction for genotype comparisons. FIG. 12C. Baseline
CD4* and CD8a.* peripheral blood T-cells of Atm ™, Atm™™,
and wildtype mice. Scale along both X and Y axes ranges
from 10° to 10*. FIG. 12D. Mean fluorescent intensities of
CD44* T-cells in Atm™~, Atm™~, and wildtype mice after
cycle 2 (upper panel) and before cycle 3 (lower panel). Filled
line represents 1sotype control. Y axes display counts on a
scale from 0 to 100. X axes range from 10" to 10*.

FIGS. 13A-13D. Genotoxicity to peripheral leukocyte sub-
populations. FIGS. 13A-13B. DNA damage as measured by
alkaline comet assay with or without hOggl incubation and
vH2AX immunostaining, respectively, in IL-107" versus
wildtype mice. FIGS. 13C-13D. DNA damage as measured
by alkaline comet assay with or without hOggl incubation
and YH2AX immunostaining, respectively, in Gai2™'~ versus
wildtype mice. *: p<0.03, **: p<0.01 by two way ANOVA
with Dunn’s multiple comparison test. Error bars represent
standard error of the mean (SEM).

FIGS. 14A-14C. DNA damage to peripheral lymphoid
organs, as determined by yH2AX immunostaiming, alkaline
comet assay without hOggl 1ncubation, and alkaline comet
assay with hOgg1 incubation, respectively, in IL-107"" mice
at 8 weeks of age and 6 months of age versus wildtype mice.
*. p<0.05, **: p<0.01 by two way ANOVA with Dunn’s
multiple comparison test. Error bars represent SEM.

FIGS. 15A-15B. Genotoxicity to intestinal epithelial cells.
DNA damage by alkaline comet assay with and without
hOggl mcubation and by yYH2AX immunostaining, respec-
tively, in IEC’s from small and large intestine of I1L.-107"~
versus wildtype mice. *: p<t0.05, **: p<0.01 by one way
ANOVA with Dunn’s multiple comparison test. Error bars
represent SEM.

FIGS. 16 A-16C. Induction of DNA damage by TNF-c.
injection. DNA damage to peripheral leukocytes measured by
alkaline comet assay with and without hOggl incubation,
vH2AX immunostaining, and micronuclel formation mea-
sured 1n normochromatic erythrocytes, respectively, in wild-
type mice before and after a single injection of TNF-c. or
saline. *: p<t0.05, **: p<0.01 by one way ANOVA with
Dunn’s multiple comparison test. Error bars represent SEM.

FIGS. 17A-17D. Characterization of cell types with DNA
damage after TNF-a. injection. FIGS. 17A-17B. DNA dam-
age measured 1.5 hrs post-injection of TNF-a or saline by
alkaline comet assay with and without hOggl 1ncubation, 1n
peripheral blood subpopulations and 1n peripheral lymphoid
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organs, respectively. FIGS. 17C-17D. DNA damage by
vH2 AX immunostaining in peripheral blood subpopulations
and 1n peripheral lymphoid organs, respectively. *: p<0.03,
#3%*: p<<0.01 by one way ANOVA with Dunn’s multiple com-
parison test. Error bars represent SEM.

FIGS. 18A-18C. DNA damage after injection of TNF-c.
and IL-f3. DNA damage to peripheral leukocytes measured by
alkaline comet assay with and without hOggl incubation,
vH2AX immunostaining, and micronuclel formation mea-
sured 1n normochromatic erythrocytes, respectively, 1n wild-
type mice before and after a single mjection of IL-{3, TNF-
a+lL-1p, or saline. *: p<0.03, **: p<0.01 by one way
ANOVA with Dunn’s multiple comparison test. Error bars
represent SEM.

FIGS. 19A-19B. DNA repair capability in IL-107" mice.
FIG. 19A. Transcript levels of AITM and XPC relative to the
internal control TBP in IL-10""~ versus wildtype mice. FIG.
19B. Protein expression of pATM 1n CD4 and CDS8 T-cells 1n
IL-107~ versus wildtype mice. *: p<0.05, **: p<0.01 by
unpaired Student’s t-test. Error bars represent SEM.

FIGS. 20A-20B. DNA damage in IBD patients. DNA dam-
age to peripheral leukocytes as measured by yH2AX immu-
nostaining and by alkaline comet assay with or without
hOggl incubation 1n 19 patients with active disease or in
remission.

DETAILED DESCRIPTION OF THE INVENTION

The mvention described herein 1s based on the discovery
that assays that detect systemic genotoxicity can be used to
detect, diagnose and monitor inflammation and inflammatory
disease, as well as to guide 1n the prognosis and selection of
treatment. Assays that detect a variety of endpoints for geno-
toxicity in peripheral leukocytes have been found to correlate
quantitatively with intestinal inflammation and disease sever-
ity. These assays include immunostaiming for y-H2AX, which
measures DNA double strand breaks, and the alkaline comet
assay, which measures levels of DNA single and double
strand breaks, as well as oxidative DNA base damage. DNA
damage can also be measured by assaying micronucleus for-
mation 1n normochromatic erythrocytes. This unexpected
discovery of markers of genotoxicity present in circulating
leukocytes enables detection of inflammation occurring at a
localized site with a relatively simple and minimally invasive
assay using peripheral blood.

Definitions

All scientific and technical terms used 1n this application
have meanings commonly used 1n the art unless otherwise
specified. As used 1n this application, the following words or
phrases have the meanings specified.

As used herein, “inflammatory disease” means a clinical
disorder 1n which activation of the innate or adaptive immune
response 1s a prominent contributor to the clinical condition.

As used herein, a “sample” from a subject means a speci-
men obtained from the subject that contains blood or blood-
derived cells. In a typical embodiment, the sample 1s periph-
eral blood or other sample containing peripheral leucocytes.
For example a sample of peripheral leukocytes can be
obtained from fluid of a body cavity, such as pleural, perito-
neal, cerebrospinal, mediastinal, or synovial fluid.

As used herein, the term “subject” includes any human or
non-human animal. The term “non-human animal” includes
all vertebrates, ¢.g., mammals and non-mammals, such as
non-human primates, horses, sheep, dogs, cows, pigs, chick-
ens, amphibians, reptiles, etc.

As used herein, “a” or “an” means at least one, unless
clearly indicated otherwise.
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Methods of Detecting Genotoxicity

The invention provides a method for detection of inflam-
matory disease activity in a subject. In one embodiment, the
method comprises assaying a test sample of peripheral leu-
kocytes from the subject for a marker of DNA damage. The
amount of marker present 1n the test sample 1s then compared
to that present 1n a control sample. An elevated amount of
marker present 1n the test sample compared to the control
sample 1s indicative of inflammatory disease.

Thetest sample 1s typically peripheral blood. Alternatively,
the test sample can be bone marrow or body cavity fluids
(such as peritoneal, pleural, synovial, or cerebrospinal fluids).
DNA damage detected 1n peripheral blood leucocytes corre-
lates with disease activity and with DNA damage in lymphoid
organs, such as spleen, mesenteric lymph nodes and periph-
cral lymph nodes, and 1n intestinal epithelial cells. Test
samples can be obtained from subjects using conventional
means, such as venipuncture or capillary puncture. Normally
the most desirable site for obtaining a blood sample for labo-
ratory testing 1s from the veins of the antecubital fossa area,
1.¢. the bend of the elbow of the arm. A capillary puncture may
be used when venipuncture would be too mvasive or not
possible. In general, capillary punctures may be done on
carlobes, fingertips, heels, or toes, however, heels and toes are
not a site of choice, especially 1n adults. Heel areas are typi-
cally used with neonates and younger infants. The site of
choice 1 older children as well as adults 1s the distal lateral
aspect of the fingertip; usually the second or third finger.

One can also assay DNA damage 1n subpopulations of
leukocytes. In some embodiments, the leukocytes are lym-
phocytes, including subsets of lymphocytes, such as T cells, B
cells, and/or NK cells. Also contemplated are monocytes,
including subsets of monocytes, such as classical and pro-
inflammatory monocytes. As one example, CD4+ and CD8+
T-cells, CD19+ B-cells, and CD11b+ macrophages can be
separated, such as by magnetic bead separation, for analysis.
An 1increase in the diversity of cell types exhibiting DNA
damage can be indicative of more severe or advanced disease.

In one embodiment, the marker of DNA damage 1s single-
and/or double-stranded breaks in the cells to be analyzed.
DNA strand breaks can be detected by immunoassay for
v-H2AX and/or an alkaline comet assay. One example of an
immunoassay for v-H2AX 1s an immunofluorescence assay
using an antibody directed against v-H2AX that 1s directly
labeled, or that 1s used 1n conjunction with a labeled second-
ary antibody. Immunoreactive cells can be imaged using
FISH analysis, wherein cells having at least four distinct foci
in the nucleus are considered positive. Apoptotic cells can be
distinguished and excluded from the analysis. An example of
an alkaline comet assay for measuring DNA damage in cells
has been described by Olive et al. (Nat. Protocols 2006;
1(1):23-9). Comet 1mages can be visualized, for example,
using fluorescence microscopy, and analyzed using a CASP
image analysis program. Tail length and fraction of DNA 1n
the tail 1s represented 1n this assay by the olive tail moment.

In another embodiment, the marker of DNA damage 1s
oxidative DNA damage 1n the cells to be analyzed. Oxidative
DNA damage can be assayed via an enzyme hOgg1-modified
comet assay. An example of an hOggl comet assay has been
described by Smith et al. (Mutagenesis 2006; 21(3):185-90).
In a further embodiment, the marker of DNA damage 1is
micronuclel formation 1n mature, normochromatic erythro-
cytes, as described 1n the examples below and 1n Cancer Res.

2009; 69(11):4827-34; and Cancer Res. 2010; 70(5):1875-
84.

The inflammatory disease can be inflammatory bowel dis-
case, including ulcerative colitis, Crohn’s disease, or sub-
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clinical inflammation. Inflammatory bowel disease (IBD)
refers to a group of disorders that cause the intestines to
become mntlamed (red and swollen). The two most common
forms of IBD are ulcerative colitis and Crohn’s disease. The
inflammatory disease may also be an autoimmune disease
(such as rheumatoid arthritis, systemic lupus erythematosis,
or multiple sclerosis), or a chronic inflammatory disease
(such as pseudomembranous colitis (both positive or negative
for C. difficile toxin), chronic diverticulitis, or chronic
obstructive pulmonary disease).

Those skilled 1n the art will appreciate additional variations
suitable for the method of detecting inflammation through
detection of DNA damage 1n a specimen, as it provides
remote monitoring (peripheral blood genotoxicity) to assess
disease activity and response to treatment. This method can
also be used to monitor levels of these markers 1n a sample
from a patient undergoing treatment. The suitability of a
therapeutic regimen for initial or continued treatment can be
determined by monitoring marker levels using this method.
The extent of genotoxicity present in a given patient or test
sample can provide a prognostic indicator to guide treatment
strategy. Accordingly, one can use information about the
number and/or quantity of indicators present 1n a subject to
assist 1n selecting an appropriate treatment protocol. For
example, mesalamine treatment of ulcerative colitis could be
monitored by systemic genotoxicity as a surrogate biomarker
to quantitatively measure the level of persisting disease activ-
ity. IT disease activity persists above an acceptable level, the
climician would consider increasing the treatment dose, or
changing to a different therapeutic agent.

Kits

For use 1n the diagnostic applications described herein, kits
are also within the scope of the mvention. Such kits can
comprise a carrier, package or container that 1s compartmen-
talized to receive one or more containers such as vials, tubes,
and the like, each of the container(s) comprising one of the
separate elements to be used in the method. The antibodies of
the kit may be provided 1n any suitable form, including fro-
zen, lyophilized, or 1n a pharmaceutically acceptable butifer
such as TBS or PBS. The kit may also include other reagents
required for utilization of the reagents 1n vitro or 1n vivo such
as butters (1.e., TBS, PBS), blocking agents (solutions includ-
ing nonfat dry milk, normal sera, Tween-20 Detergent, BSA,
or casein), and/or detection reagents (1.e., goat anti-mouse
IgG biotin, streptavidin-HRP conjugates, allophycocyanin,
B-phycoerythrin, R-phycoerythrin, peroxidase, tluors (i.e.,
DyLight, Cy3, Cy3, FITC, HilLyte Fluor 5535, HiLyte Fluor
64°7), and/or staiming kats (i1.e., ABC Staining Kit, Pierce)).
The kits may also include other reagents and/or istructions
for using antibodies and other reagents 1n commonly utilized
assays described above such as, for example, tlow cytometric
analysis, ELISA, immunoblotting (1.e., western blot), 1n situ
detection, immunocytochemistry, immunohistochemaistry.

In one embodiment, the kit provides the reagent 1n purified
form. In another embodiment, the reagents are 1mmu-
noreagents that are provided 1n biotinylated form either alone
or along with an avidin-conjugated detection reagent (i.e.,
antibody). In another embodiment, the kit includes a tluores-
cently labeled immunoreagent which may be used to directly
detect antigen. Builers and the like required for using any of
these systems are well-known 1n the art and may be prepared
by the end-user or provided as a component of the kit. The kat
may also include a solid support containing positive- and
negative-control protein and/or tissue samples. For example,
kits for performing spotting or western blot-type assays may
include control cell or tissue lysates for use in SDS-PAGE or
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nylon or other membranes containing pre-fixed control
samples with additional space for experimental samples.
The kit of the mvention will typically comprise the con-
tainer described above and one or more other containers
comprising materials desirable from a commercial and user
standpoint, including butlers, diluents, filters, needles,
syringes, and package inserts with instructions for use. In
addition, a label can be provided on the container to indicate
that the composition 1s used for a specific application, and can
also 1ndicate directions for use, such as those described

above. Directions and or other information can also be
included on an insert which 1s included with the kait.

EXAMPLES

The following examples are presented to illustrate the
present invention and to assist one of ordinary skill in making
and using the same. The examples are not intended 1n any way
to otherwise limait the scope of the mvention.

Example 1

Intestinal Mucosal Inflammation Leads to Systemic
Genotoxicity 1in Mice

This example demonstrates that genotoxicity 1s elicited
systemically by acute and chronic intestinal inflammation. In
this study, genotoxic endpoints were assessed 1n peripheral
leukocytes (DNA single and double strand breaks and oxida-
tive DNA damage) and normochromatic erythrocytes (micro-
nucle1) during chemical or immune-mediated colitis. During
three consecutive cycles of mtestinal inflammation mduced
by dextran sulfate sodium (DSS) administration, genotoxic-
ity to peripheral leukocytes and erythroblasts was detected 1n
both acute and chronic phases of DSS-induced inflammation.
Reactive oxygen species mediated oxidative stress and DNA
damage was confirmed with positive 8-oxoguanine and nitro-
tyrosine staining in peripheral leukocytes. Levels of DNA
damage generally decreased during remission and increased
during treatment, correlating with clinical symptoms and sys-
temic inflammatory cytokine levels. In Gai2™"~ and IL-107"~
transgenic mice susceptible to immune-mediated colitis and
inflammation-associated adenocarcinoma, similar levels of
peripheral leukocyte and erythroblast genotoxicity were also
observed. Moreover, this systemic genotoxicity was observed
in mice with subclinical inflammation, which was further
clevated 1n those with severe mucosal inflammation. We pro-
pose that mucosal inflammation, by eliciting substantial and
ongoing systemic DNA damage, contributes early on to
genetic 1mstability necessary for progression to IBD-associ-

ated dysplasia and the development of cancer.
Methods

Animals. C57BL/6Jp""/p*” (3 to 4 months), Gai2™~ B6/
129Sv background, 3 months) (9)and IL-10~"~ (C3H/HeJBir
background, 3 or 6 months) were housed i the UCLA
Department of Laboratory and Animal Medicine under spe-
cific pathogen free conditions, autoclaved bedding and food,

with standard rodent chow diet, acidified drinking water, and
12:12 light:dark cycle. All mice were bred at UCLA except

IL.-10~"~ and C3H/HeJ which were purchased from Jackson
Laboratory (Bar Harbor, ME).

Induction of chemical colitis. Experimental colitis was
induced with 3% (w/v) DSS (Fisher Scientific, MW 40,000)
dissolved 1n acidified drinking water (changed daily) ad libi-
tum for 3 cycles. One cycle consisted of 7 days of treated
water followed by 14 days of normal drinking water. Acute
colitis was defined as a 7 day treatment, and chronic colitis as
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any further treatment including remission periods. Control
amimals recerved sterile acidified water only. Symptoms
(weight loss, stool consistency, gross bleeding) were
recorded daily for calculation of disease activity index (23).

Blood collection. Peripheral blood was collected from
experimental mice via the facial/mandibular vein with a Smm
lancet (Braintree Scientific, Braintree, Mass.) mto EDTA
coated collection tubes (Braintree Scientific). For the comet
assay, blood was immediately diluted 1:1 1n PBS/10% DMSO
and frozen at —80° C. until further analysis. Freshly collected
blood was immediately processed for all other assays. Iden-
tical blood samples were used for genotoxic endpoints as well
as for cytokine expression.

Alkaline comet assay. To detect single and double strand
breaks, as well as alkali labile sites 1n DNA, the alkaline
comet assay was performed as described previously (24).
Frozen blood was further diluted 1:15 in PBS before further
preparation. After lysis and electrophoresis, gels were stained
with SYBR Gold (Molecular Probes) and visualized under a
fluorescent microscope (Olympus Ax70, Tokyo, Japan) at
10x magnification. Comet 1mages were analyzed with the
CASP 1mage analysis program (http://casp.sourceforge.net).
The olive taill moment, which represents both tail length and
fraction of DNA 1n the tail, was used for data collection and
analysis, 1n which apoptotic cells were excluded under pre-
viously proposed criteria (24).

Determination of oxidative DNA damage. The enzyme
hOggl-modified comet assay was used for determination of

oxidative DNA damage (25). Following lysis, samples were
washed 1n an enzyme wash buffer (40 mM HEPES, 0.1M

KCL 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8.0) then incubated
at37° C. for 10 min 1n either control (butfer with no hOGG1)
or enzyme treated (butler with hOGG1) solutions according
to the manufacturer’s recommendations. (New England
Biolabs, Ipswich, Mass.). Both control and enzyme treated
gels were then placed 1n electrophoresis buifer and processed
identically to the alkaline comet assay.

Immunofluorescence. Peripheral blood was incubated in
Butfer EL ((Q1agen, Valencia, Calif.) on 1ce to remove eryth-
rocytes. Samples were then processed on coverslips essen-
tially as described elsewhere (26). Briefly, after fixation, per-
meabilization, and blocking, cells were incubated with mouse
anti-phospho-Histone H2A.X S139(P) at 1:400, mouse anti-
8-oxoguanine clone 413.5 at 1:250, or rabbit anti-nitroty-
rosine at 1:200 (all from Upstate, Temecula, Calif.) followed
by FITC-conjugated anti-mouse IgG or Rhodamine-conju-
gated anti-rabbit IgG (Jackson ImmunoResearch, West
Grove, Pa.) at 1:200. Coverslips were mounted with
VECTASHIELD with 4,6-diamidino-2-phenylindole ( Vector
Laboratories, Burlingame, Calif.). Images were captured
with CytoVision® (Applied Imaging Corporation, San Jose,
Calif.) connected to a Zeiss Axioplan 2 microscope. At least
125 cells were counted and cells with more than four distinct
foc1 1n the nucleus were considered positive for y-H2AX(26).
Apoptotic cells, which are distinguishable due to presence of
10-fold the number of nuclear foci 1n damaged cells (27),
were not included 1n analyses.

Paraffin sections (5 um) of colons from IL.-10~~ and wild-
type controls were microwaved 1n 10 mM citrate butfer (pH 6)
for 10 min for antigen retrieval, blocked, then incubated with
anti-8-oxoguanine or anti-nitrotyrosine followed by second-
ary antibodies 1dentical to the procedures described above.

In vivo micronucleus assay. Micronucleir (MN) formation
was determined in peripheral blood erythrocytes to assess
chromosomal 1nstability. Similar to a previously proposed
method (28), 3 ul of whole blood was spread on a microscope
slide and stained 1n Modified Wright-Giemsa solution
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(Sigma-Aldrich, St. Lous, Mo.). MN were counted and
scored with an Olympus Ax70 (Tokyo, Japan) at 100x fol-
lowing previously proposed criteria (29). At least 4000
mature erythrocytes were counted per mouse, and the fre-
quency of MN formation was calculated as number of micro-
nucleated erythrocytes per 1000 normochromatic erythro-
cytes.

RNA Isolation and Quantitative Real-Time PCR. Total
RNA was 1solated using (QiaAmp RNA Blood Mini1 Kit
(Qiagen) according to manufacturer’s instructions. 25 ng/ul
of total RNA was used for reverse transcription using Oli-
godT (Invitrogen) and Superscript 111 Reverse Transcriptase
(Invitrogen). 10 ng/ul of cDNA was used for quantitative real
time PCR using Tagman Gene Expression Assays (Applied
Biosystems, Foster City, Calif. p/n 4331182) for Thp (TATA
binding protein), TNF-a (tumor necrosis factor o), MCP-1
(monocyte chemoattractant protein 1, also known as CC
chemokine ligand 2, CCL2), IFN-y (interferon v), TGF-f3
(tumor growth factor 3) and Tagman Gene Expression Master
Mix according to manufacturer’s instructions on the ABI
Prism 7500 sequence detection system (Applied Biosys-
tems). Thp was chosen as the endogenous control due to its
low variability and low to medium relative abundance 1n
terms ol expression in blood (30). Each measurement was
performed 1n triplicate and results were analyzed using SDS
2.2.1 software (Applied Biosystems). Gene expression was
determined using the relative standard curve method normal-
1zed to Thp expression.

Statistical Analyses. Results are expressed as
meanzstandard error of the mean. Statistical significance was
determined by nonparametric one way ANOVAs with Dunn’s
multiple comparison post test or a paired Student’s t-tests
with log-transtormed data for time point comparisons, and
defined as p<t0.05. ANOVASs of linear regression models were
used as appropriate. Calculations were performed with the
statistical analysis software GraphPad Instat version 3.00
(GraphPad Software, San Diego, Calif.) or R: A language and
environment for statistical computing. (R Development Core
Team (2007). R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R -
project.org).

Results

Evaluation of Experimental Colitis. The disease activity
index (DAI) 1s the average combined score of weight loss
(0-4), stool consistency (0-4), and bleeding (0-4), used to
score clinical symptoms (23). DSS-treated mice demon-
strated rectal bleeding starting day 4 in cycle 1, represented by
the 1ncrease in the DAI compared to non-treated animals
(F1G.1). However, the onset of severe symptoms came earlier
in the second and third cycles of treatment due to chronic
inflammation, even after 14 day remission periods. Bleeding
and diarrhea ceased as soon as treatment was stopped during
remission and no mortalities were observed after three cycles
of treatment. Food intake was also not affected throughout the
study and significant weight loss was only apparent during the
end of the second and third cycle.

DSS Treatment Causes DNA Single and Double Strand
Breaks 1n Peripheral Leukocytes.

Single and double strand breaks as well as alkali-labile
sites 1n DNA of peripheral leukocytes were measured 1n terms
of the mean olive tall moment with the alkaline comet assay
(FI1G. 2). While mean olive taill moments of non-treated mice
remained low throughout each cycle of treatment, DSS
treated mice demonstrated significantly higher olive tail
moments at the end of each cycle (p<t0.01). After each remis-
sionperiod of 14 days, levels of DNA damage decreased most
likely due to DNA repair. The hOgg1 modified alkaline comet
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assay was also used to detect oxidative base damage. Oggl
primarily recognizes and removes 8-oxoguanine through a
base excision repair pathway, as well as 8-oxoadenine, fapy-
guanine, and methyl-fapy-guanine (31). Mean olive tail
moments were higher when incubated with hOgg]1 after treat-
ment cycles 1n treated mice compared to hOggl incubated
non-treated mice (p<<0.03), indicating presence of oxidized
base damage. When compared to levels before cycle 1, hOggl
incubated DNA from DSS-treated mice were significantly
higher at every following time point (p<t0.01). Levels of DNA
damage increased with each treatment cycle especially when
including oxidative base damage, indicating damaging
elfects of acute and more significantly, chronic intlammation.
A small number of apoptotic cells with extensive DNA frag-
mentation were apparent after treatment cycles, however
were not included 1n calculation of mean olive taill moments.

Presence of DNA double strand breaks alone was con-
firmed with immunofluorescence of y-H2AX (FIG. 3A). In
response to double strand breaks, histone 2AX 1s phosphory-
lated (yv-H2AX) 1n a 2-Mbp region tlanking the double strand
break within 15 minutes (27). Percentage of cells positive for
nuclear foci increased dramatically 1n the DSS treated group
after the first 7 day acute treatment (p<0.01) compared to
non-treated animals. Although not as dramatic, percent posi-
tive cells remained elevated over non-treated animals until
end of treatment (p<0.05). Efficient DNA double strand break
repair may be activated, decreasing the presence of foci in
chronic inflammation due to the severely damaging nature of
double strand breaks compared to oxidative base damage or
single strand breaks.

DSS-Induced Inflammation 1s Clastogenic to Erythro-
blasts. The 1n vivo micronucleus (MN) assay was carried out
in mature normochromatic erythrocytes circulating in the
peripheral blood to determine chromosomal damage to eryth-
roblasts (FIG. 3B). The incidence of micronuclel 1s com-
monly used as an index of cytogenetic damage, including,
chromosome breaks, spindle abnormalities, or structurally
abnormal chromosomes; most frequently 1n erythroblasts/
erythrocytes from peripheral blood or bone marrow (29).
Mature micronucleated normochromatic erythrocytes repre-
sent the final developmental stage of erythroblasts containing
micronucler stemming in the bone marrow, and thus permit
the study of both the generation and elimination of micro-
nucleated erythrocytes (32).

Micronucleus formation was significantly mduced after
the first cycle of treatment 1n DSS treated amimals (p<<0.01)
compared to non-treated amimals, and was further induced
alter the second and third cycles compared to both non-
treated animals, and levels before cycle 1 (p<<0.01). Similar to
patterns seen 1n the results of the alkaline comet assay, micro-
nucler formation decreased after remission periods, and
increased after each cycle of treatment. This indicates clear-
ance ol micronucleated erythrocytes by the spleen followed
by induction during treatment periods. Starting at the before
cycle 3 time point, micronucleated erythrocyte levels were
slightly elevated even in non-treated animals, most likely due
to the effects of repeated blood draws and consequentially
high rate of erythopoiesis.

DSS Treatment Modulates mRNA Expression of Cytok-
ines in Peripheral Blood. Systemic inflammation due to DSS
treatment was demonstrated by cytokine gene expression in
the peripheral blood of treated anmimals. Leukocytes circulat-
ing in the periphery mounted a strong Thl response charac-
terized by up-regulation of TNF-a, MCP-1 (CCL2), and
IFN-v particularly after the first cycle of treatment (FIG. 4).
TNF-o transcript levels followed DNA damage patterns of
increasing after each 7 day treatment cycle, then decreasing
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alter each 14 day remission period. MCP-1 and IFN-y tran-
script levels increased after the first cycle, then decreased
alter the remission period, where they remained low until
rising once again in the third cycle; demonstrating a delayed
secondary induction compared to TNF-a. TGF-p, an anti-
inflammatory cytokine, was also modulated similarly to

MCP-1 and IFN-y. DSS treatment induces both a Thl
response as well as an anti-inflammatory response over the
acute and chronic phases of treatment 1n the peripheral blood.

DNA Damage 1s Observed in Genetic Models of Mucosal
Inflammation. In order to further determine whether systemic
genotoxicity 1s a general consequence of colitis, we measured
DNA damage in two genetic models of mucosal inflammation
without the use of DSS. We examined Gaii2~'~ mice at age 3
months (chronic active inflammation with neoplastic changes
in colon), and IL-107 at age 3 and 6 months (in which mice
have subclinical disease with mimimal histologic inflamma-

tion, and active disease and inflammation with mild epithelial

hyperplasia, respectively) (FIG. SA). Single and double DNA
strand breaks were significantly higher (p<t0.01) in both Gau2
—/— mice compared to age-matched Gai2*~ mice without
clinical symptoms and in IL-10~"~ mice with sub-clinical
inflammation compared to age-matched IL-10"* mice using
the comet assay (FIG. 5B). We then hypothesized that
IL.-10~~ mice with severe mucosal inflammation would have
greater DNA damage than those with sub-clinical inflamma-
tion. These mice indeed demonstrated higher levels of strand
breaks than IL-10~"~ mice with sub-clinical inflammation
(p<0.01), comparable to those seen in Gai2™~ mice. Oxida-
tive base damage, however, seemed only apparent in Gai2
mice as measured by hOggl incubation. DNA double strand
breaks measured by y-H2 AX immunofluorescence (F1G. 5C)
were also elevated in both Gati2 ™~ and IL-10""~ compared to
Gai2*~ and IL-10** mice, respectively, though only statis-
tically significant in Gai2™~ mice (p<0.05), and in IL-107""
mice with severe mucosal inflammation (p<0.03). Finally,
micronucleus induction in erythroblasts were also signifi-
cantly elevated in Gai2™~ mice compared to Gai2*'~ mice
(p<<0.01), and elevated but not statistically significantly
elevated in IL-107" versus IL-10""* mice (FIG. 5D). Sys-
temic genotoxicity can therefore be incurred by several
modes of inflammation, independent of DSS administration.
Intestinal Inflammation Induces ROS Mediated Oxidative
Stress and DNA Damage. To determine potentially causative
species of oxidative stress due to intestinal inflammation,
peripheral leukocytes from DSS treated mice (7 days, 3%
w/v) and IL-10~"" mice (6 months) were isolated and stained
for 8-oxoguanine or nitrotyrosine (FIGS. 6A and B). 8-0x-
oguanine 1s an oxidative DNA lesion formed by reaction of
hydroxyl radicals, metal hyrdroperoxides, or peroxynitrite
with DNA, causing G:C to T: A transversions during replica-
tion (33). Nitrotyrosine 1s a biochemical marker for NO-
induced peroxynitrite formation involving reactions with
reactive oxygen and nitrogen species resulting in nitrative
damage to proteins (34). DSS-1nduced inflammation caused a
significant increase 1 both 8-oxoguanine and nitrotyrosine
(p<<0.01) 1n peripheral leukocytes, as did those 1solated from
IL.-107~ mice (p<0.05). Colon sections from IL-10~~ mice
also demonstrated 8-oxoguanine residues mostly in the nuclei
of the surface epithelial cells as well as 1n nfiltrating 1nflam-
matory cells within or near the lamina propria as “focus™ like
or pan-nuclear staining (FIG. 6C). Nitrotyrosine residues
were also present 1n the cytoplasm of epithelial cells and
inflammatory cells, whereas no immunoreactivity was
observed i wildtype mice.
Discussion
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Previous studies have established the role of inflammation-
derived oxidative DNA damage to inflammatory and sur-
rounding epithelial cells only at the localized sites of intlam-
mation 1n the colon. Our study demonstrates for the first time
that this damage extends beyond the site of inflammation to
circulating leukocytes and erythroblasts 1n the bone marrow,
manifesting a systemic etlect, and correlating to oxidative
damage found in inflammatory tissue. Genotoxicity to
peripheral leukocytes was evident 1n terms of both single and
double strand breaks to DNA accompanied by oxidative base
damage while chromosomal aberrations took place in eryth-
roblasts. Such findings were observed both in acute and
chronic phases of chemical colitis induced by DSS adminis-
tration, and in untreated Goi2~~ and IL-10~~ mice undergo-
ing spontaneous immune colitis. Moreover, in IL-10~" mice,
which are notable for a delayed onset of colitis, genotoxicity
was Turther elevated 1n mice which had proceeded to a state of
climically active colitis versus those with sub-clinical inflam-
mation. Markers of reactive oxygen species (ROS) dernived
oxidative stress demonstrated presence ol 8-oxoguanine and
nitrotyrosine in peripheral leukocytes of DSS treated mice
and 1L-107" mice, representing possible mechanisms of
genotoxicity and correlating to oxidative damage seen 1n the
colon. Accordingly, the present study reveals that systemic
genotoxicity 1s a prevalent feature of subclinical, acute, and
chronic colitis.

In DSS-treated mice, repair of DNA damage was observed
during remission periods, represented by a decrease 1n dam-
age markers. However, the extent of repair appeared slightly
less 1n the last remission due to increasing severity of chronic
inflammation. Despite increasing severity of inflammation,
double strand breaks remained only slightly elevated over
non-treated animals, which may imply efficient repair in
comparison to single strand breaks and oxidative damage.
DSS administration also induced systemic distribution of
cytokines, as evidenced by modulation of transcript levels 1n
peripheral blood. Interestingly, TNF-a was up-regulated dur-
ing treatment, and down-regulated during remission, mirror-
ing patterns seen 1n genotoxicity to leukocytes. Similar to
previous cytokine studies in the colons of DSS treated mice
(20), features of both Thl and Th2 activity were observed
systemically 1n the peripheral blood, leading to chronic acti-
vation of immune cells. The decrease 1n MCP-1 and IFN-y
expression after the first cycle of treatment may be explained
by a shift towards higher expression of Th2 cytokines and a
decrease 1n selective Thl cytokines, as recently documented
(35) 1 DSS treated mice. Chronic DSS tfreatment mimics
IBD with similar cytokine profiles demonstrating dysregu-
lated and 1imbalanced immunologic responses to commensal
bacterial antigens. Dysregulated and polarized cytokine pro-
duction play key roles 1n enhancing chronic inflammation and
tumorigenesis through signaling release of pro-tumor media-
tors (36).

The present study shows that both chemical and genetic/
immune models of mflammation-mediated carcinogenesis
not only parallel the inflammation to dysplasia to cancer
sequence of human IBD, but also manifest inflammation-
associated oxidative stress in the colon as seen 1n UC and
Crohn’s disease. Unlike other colitis-associated neoplasia
models utilizing genotoxic colon carcinogens as initiators of
neoplasia (azoxymethane or 1,2-dimethylhydrazine), DSS
itsell 1s not a mutagen nor genotoxic (37). However, 1t has
been shown to both directly and indirectly activate macroph-
ages and other inflammatory cells (16, 38), a central feature of
genetic models of immune colitis (8-11). Thus, carcinogen-
esis arising in these settings 1s solely a manifestation of
chronic inflammation. The prominent mucosal and systemic
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activation of macrophages, neutrophils, eosinophils, and
other effectors in DSS-induced colitis, genetic immune colitis
(and 1n active disease of patients with IBD) 1s a potential
source ol oxidative stress. This may cause oxidative and
nitrative damage locally through oxidative burst, and through
release of cytokines that induce receptor-mediated reactive
oxidative species production by target cells. Microsatellite
instability was 1dentified 1n tumors in colons of DSS-treated
wildtype mice, and more so in Msh2~~ mice (39). DSS treat-
ment also induced 8-oxoguanine residues 1n mouse colonic
mucosa (22), suggesting oxidative damage directly at the site
ol inflammation. Notably, this observed systemic genotoxic-
ity 1s a secondary eflect of DSS treatment, namely the con-
sequence of systemic intflammation and inflammation-asso-
ciated oxidative stress. In agreement with these findings, we
have demonstrated 8-oxoguanine and nitrotyrosine formation
in the surface epithelium and mflammatory infiltrate of
IL.-10~"~ colons as well as in peripheral blood of IL.-10~"~ and
DSS treated wildtype mice, indicating systemic presence of
peroxynitrite and reactive oxygen and nitrogen species.

We envision two, non-exclusive processes linking local
inflammation and systemic genotoxicity. First, locally acti-
vated innate immune cells may release reactive species induc-
ing formation of other reactive species such as hydroxyl radi-
cals and NO-dertved peroxynitrite, damaging emigrating
resident leukocytes, that then circulate into the periphery.
Alternatively, inflammatory cytokines achieve biologically
significant systemic levels, upon which they induce autono-
mous, cytokine-receptor mediated production of free radicals
(and genotoxic damage) 1n remote leukocyte populations.
Both scenarios are possible, as we observed pro-inflamma-
tory cytokines throughout DSS treatment in the peripheral
blood, and oxidative DNA damage and nitrotyrosine forma-
tion in circulating leukocytes. Similarly, micronucleus for-
mation in the erythroblasts of the bone marrow 1n our study
may have been a result of activated 'T-cells that are part of the
normal recirculating lymphocyte pool circulating into the
bone marrow, and leading to oxidative damage. Accumula-
tion of single and double strand breaks can sequentially lead
to chromosome breaks and micronucle1 formation (40).

In addition, biologic processes affected by inflammation
may also determine the fate of cells bearing genotoxic dam-
age. Since inflammatory mediators elicit both epithelial cell
proliferation and anti-apoptotic signals, epithelial cells in
chronic inflammation are at particular risk to DNA damage
leading to fixation of mutations that may not be properly
repaired and removed (22). In DSS colitis, oxidative DNA
damage was positively correlated with apoptosis in the small
intestine but not the large intestine (41). This biologic differ-
ence may contribute to the relative susceptibility to cancer
progression 1n the large intestine. While the mechanism of
this differential induction of apoptosis 1s uncertain, genotoxic
stress induces expression of ligands for the NKG2D receptor
(42). This receptor 1s differentially expressed on resident
CD8™ T cells and natural killer cells of the small versus large
intestine, and 1s a potent inducer of anti-epithelial cytotoxic-
ity 1n this intestinal region (43). Finally, the possibility of
reciprocal regulation of inflammation and DNA repair path-
way clements 1s an emerging area of mnvestigation (44 ).

In summary, intestinal inflammation 1s associated with sys-
temic genotoxicity through single and double DNA strand
breaks, oxidative DNA damage, protein nitration, and micro-
nucleus formation. We propose that elements of the intlam-
matory response including ROS derived oxidative stress are
responsible for the observed systemic genotoxicity. Previous
studies have observed oxidative base damage, microsatellite
instability, and gene mutations directly 1n the colonic mucosa
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ol both human IBD and experimental murine colitis. Here, we
highlight that systemic DNA damage accompanied by sys-
temic inflammation 1s an early event involved 1n the promo-
tion of genetic mstability. Such systemic genotoxicity may be
a biologically relevant and sensitive biomarker of one process
contributing to inflammation-associated carcinogenesis.

References Cited 1n Example 1

1. Loftus E V. Gastroenterology 2004;126(6):1504-17.

2. Ekbom A, Helmick C, Zack M, Adami1 H O. N Engl J Med
1990;323(18):1228-33.

3. Xie I, Itzkowitz S H. World J Gastroenterol 2008;14(3):
378-89.

4. Chu F F, et al. Cancer Res 2004;64(3):962-8.

5. Maggio-Price L, et al. Am J Pathol 2005;166(6):1793-806.
6.An G, We1 B, Xia B, etal. ] Exp Med 2007;204(6):1417-29.
7. Greten F R, et al. Cell 2004;118(3):285-96.

8. Beatty PL, Plevy S E, Sepulveda A R, Finn O J. J Immunol
2007;179(2):735-9.
9. Rudolph U, et al. Nat Genet 1995;10(2):143-50.

10. McPherson M, et al. Am J Physiol Gastrointest Liver
Physiol 2008.

11. Nemetz N, et al. Int J Cancer 2008;122(8):1803-9.
12. Popivanova B K, et al. ] Clin Invest 2008;118(2):560-70.

13. O’Mahony L, et al. Aliment Pharmacol Ther 2001;15(8):
1219-25.

14. Erdman S E, et al. Am J Pathol 2003;162(2):691-702.
15. Takedatsu H, et al. Gastroenterology 2008.

16. Okavasu I, et al. Gastroenterology 1990;98(3):694-702.
17. Cooper H S, et al. Carcinogenesis 2000;21(4):757-68.
18. Lennard-Jones J E, et al. Gut 1990;31(7):800-6.

19. Dieleman L A, etal. Gastroenterology 1994;107(6):1643-
52.

20. Dieleman L A, et al. Clin Exp Immunol 1998;114(3):385.
21. Ohkusa T, et al. Digestion 1995;56(2):159-64.

22. Meira L B, et al. J Clin Invest 2008;118(7):2516.

23. Murthy S N, et al. Dig D1s Sc1 1993;38(9):1722-34.

24. Olive P L, Banath J P. Nat Protocols 2006;1(1):23-9.
25. Smith C C, et al. Mutagenesis 2006;21(3):185-90.

26. Goldstine TV, et al. DNA Repair 2006;5(4):432-43.

2’7. Muslimovic A, et al. Nat Protocols 2008;3(7):1187.

28. Schmid W. The micronucleus test for cytogenetic analy-
s1s. Chemical mutagens Principles and methods for their
detection New York: Plenum 1976:31-33.

29. Hayashi M, et al. Mutat Res 1994;312(3):293-304.

30. Lossos I S, et al. Leukemia; 17(4):789-95.

31. Bjoras M, et al. EMBO 1] 1997;16(20):6314-22.

32. Steinheider G, etal. Cell Biol Toxicol 1986;2(1):197-211.
33. Pinlaor S, et al. Carcinogenesis 2004;25(8):1535-42.
34.Liu J S, etal. Am J Pathol 2001;158(6):2057.

35. Alex P, et al. Inflamm Bowel Dis 2009;15(3):341-52.
36. Johansson M, et al. Immunol Rev 2008;222(1):145-34.
3’7. Mor1 H, et al. Nutr Cancer 1984;6(2):92-7.

38. Shintani N, et al. Scand J Immunol 1997,46(6):581-6.

39. Kohonen-Corish M R 1, et al. Cancer Res 2002;62(7):
2092-7.

40. Obe G, et al. Mutat Res 2002:;504(1-2):17-36.

41. Hong MY, et al. Exp Biol Med 2005;230(7):464-71.
42. Gasser S, et al. Nature 2005;436(7054):1186-90.

43, Meresse B, et al. ] Exp Med 2006;203(5):1343.

5

10

15

20

25

30

35

40

45

50

55

60

65

16
44. Coscoy L, Raulet DH. Cell 2007;131(5):836-8.

Example 2

Elevated DNA Damage and Persistent Immune

Activation 1n Atm Deficient Mice with Dextran
Sultate Sodium-Induced Colitis

This example describes the systemic DNA damage and
immune response to mduced experimental colitis 1 mice
deficient in ATM, a DNA double-strand break recognition
and response protein. To determine the effect of Atm defi-
ciency 1n inflammation, we mnduced experimental colitis 1n
Atm™~, Atm™~ and wildtype mice via dextran sulfate sodium
(DSS) administration. Atm™~~ mice had higher disease activ-
ity indices and rates of mortality compared to heterozygous
and wildtype mice. Systemic DNA damage and the immune
response were characterized 1n peripheral blood throughout
and after three cycles of treatment. Atm™"~ mice demonstrated
increased sensitivity to levels of DNA strand breaks 1n periph-
eral leukocytes, as well as micronuclei formation 1n erythro-
blasts compared to heterozygous and wildtype mice, espe-
cially during remission periods and after the end of treatment.
Markers of reactive oxygen and mitrogen species-mediated
damage, including 8-oxoguanine and nitrotyrosine were
present 1n both the distal colon and 1n peripheral leukocytes,
with Atm™~ mice manifesting more 8-oxoguanine formation
than wildtype mice. Atm™~ mice demonstrated greater
upregulation of intflammatory cytokines, and significantly
higher percentages of activated CD69™ and CD44™ T-cells in
the peripheral blood throughout treatment. ATM therefore
may be a critical immunoregulatory factor dampemng the
deleterious eftfects of chronic DSS-induced inflammation,
necessary for systemic genomic stability and homeostasis of
the gut epithelial barrier.

Methods

Animals. Adult Atm—/- mice crossed into the parental
C57BL/61 p™"/p™ background as previously described (18),
heterozygous (Atm*~ p*"/p*"), and wildtype control mice
(Atm™** p*/p*"), 12 to 16 weeks old, were housed in a spe-
cific pathogen free facility fed a standard rodent chow diet,
provided acidified drinking water, and 12:12 light:dark cycle.
Food, bedding, and water were autoclaved. All experimental
procedures were in accordance with the UCLA Animal
Research Committee guidelines.

Induction of experimental colitis. Acute and chronic
experimental colitis was induced by administering 3% (w/v)
DSS (MP Biomedicals, MW 40,000) dissolved in sterile
acidified drinking water ad libitum for 3 cycles. One cycle of
treatment consisted of 7 days of treated water followed by 14
days of normal drinking water. Water was changed daily and
symptoms including weight loss, stool consistency, and gross
bleeding were also recorded for calculation of the disease
activity index (DAI), as described turther elsewhere (19).
Briefly, a score ranging from 0-4 was assigned for each mea-
sure (weight loss (0-15% loss), stool consistency (normal to
diarrhea), and blood 1n stool (no blood to gross bleeding)),
and the average of these scores was recorded as the DAL Mice
were monitored for 31 days after the end of treatment.

Blood Collection. Peripheral blood was collected via the
mandibular vein with a 5 mm lancet (Braintree Scientific,
Braintree, Mass.) into EDTA coated tubes (Braintree Scien-
tific). Blood was collected before and right after each seven
day treatment of DSS, for three cycles and at two and four
weeks after the end of the three cycles. For the comet assay,
blood was immediately diluted 1:1 in RPMI1/10% DMSO and

immediately frozen at —80° C. until further analysis. Freshly
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collected blood was immediately processed for all other
assays. Identical samples were used for genotoxicity end-
points as well as for cytokine expression or flow cytometry,
allowing each animal to serve as its own control.

Alkaline comet assay. To detect DNA strand breaks, as well
as alkali labile sites, the alkaline comet assay was performed
and analyzed as described elsewhere (1, 20). The olive tail
moment, which represents both tail length and fraction of
DNA 1n the tail, was used for data collection and analysis, 1n
which apoptotic cells were excluded under previously pro-
posed criteria (20).

Determination of oxidative DNA damage. The enzyme
hOggl-modified comet assay was used and carried out 1den-
tically as previously described (1).

Immunotluorescence. Peripheral blood was incubated in
Builer EL ((1agen, Valencia, Calif.) to remove erythrocytes.
Samples were then processed on coverslips and stained with
anti-phospho-Histone H2A.X S139(P), mouse anti-8-0X-
oguanine clone 413.3, or rabbit anti-nitrotyrosine (Millipore,
Temecula, Calif.) as described previously (1,21). Atleast 125
cells were counted and cells with greater than four distinct
foc1 1n the nucleus were considered positive for y-H2AX(21).
Apoptotic cells, distinguishable due to the presence of
10-fold the number of nuclear foci in damaged cells (22),
were not included 1n analyses.

Paraffin sections (5 um) of colons from Atm~"~ and wild-
type controls were microwaved 1n 10 mM citrate butter (pH 6)
for 10 min for antigen retrieval, blocked, then incubated with
anti-8-oxoguanine or anti-nitrotyrosine followed by second-
ary antibodies identical to procedures described above.
Images were captured with CytoVision® (Applied Imaging,
UK) and staining was quantified using Imagel software (23).

In vivo micronucleus assay. Micronucleir (MN) formation
was determined in peripheral blood erythrocytes to assess
chromosomal 1nstability as previously described (1). At least
4000 mature erythrocytes were counted per amimal, and the
frequency of MN formation was calculated as the number of
micronucleated erythrocytes per 1000 normochromatic

erythrocytes.
RNA Isolation and Quantitative Real-Time PCR. Total

RNA was 1solated using (QiaAmp RNA Blood Mim Kit
(Qiagen) according to manufacturer’s instructions. 25 ng/ul
of total RNA was used for reverse transcription using Oli-
godT (Invitrogen) and Superscript III Reverse Transcriptase
(Invitrogen). 10 ng/ul of cDNA was used for quantitative real
time PCR using Tagman Gene Expression Assays (Applied
Biosystems, Foster City, Calif.) for TBP (TATA box binding
protein), TNF-¢. (tumor necrosis factor-alpha), MCP-1
(monocyte chemoattractant protein-1), IFN-v (interferon-
gamma), T GF-{} (transforming growth factor-beta), 1L-4 (1n-
terleukin-4), 1L-10 (nterleukin-10), IL-6 (interleukin-6),
IL-17 (interleukin-17), I1L-23 (interleukin-23), I1L-12 (inter-
leukin-12) according to manufacturer’s instructions on the
ABI Prism 7500 sequence detection system (ABI). TBP was
chosen as the endogenous control due to 1ts low vanability
and low to medium relative abundance 1n expression 1n blood
(24). Each measurement was performed in triplicate and
results were analyzed using SDS 2.2.1 software (ABI). Quan-
tification of gene expression was determined using the rela-
tive standard curve method normalized to TBP expression.
Flow Cytometry. T cell populations were characterized for
activation status (CD69 and CD44) and CD4 or CDS8a
expression using flow cytometry. Erythrocytes were immedi-
ately lysed with BD PharmlLyse Lysis Bufler (BD Bio-
sciences, San Diego, Calif.). After washing with Stain Buffer
with 0.2% BSA (BD), cells were stained with FITC conju-
gated Hamster Anti-Mouse CD69, FITC conjugated Rat
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Anti-Mouse/Human CD44, R-PE conjugated Rat Anti-
Mouse CD4, PerCP Rat Anti-Mouse CD8a., or appropriate
negative 1sotype controls (BD Biosciences) for 30 min at 4°
C. Cells were then washed and analyzed using BD FACScan.
Fluorescence intensity was normalized to each respective
isotype control antibody and data were analyzed with
CellQuest® (BD Biosciences). Dead cells were excluded by
gating on forward/side scatter. Marker expression was
recorded either as percent positive of the absolute count of
total T cells, or by median fluorescence intensity 11 the control
and marker populations overlapped.

Statistical Analyses. Results (error bars) are expressed as
meanzstandard error of the mean (SEM) with n=10 mice per
genotype. Statistical significance was determined by non-
parametric one-way/two-way ANOVAs with Dunn’s mul-
tiple comparison post test or paired Student’s t-tests with
log-transformed data for time point comparisons, defined as
p<<0.05. ANOVASs of linear regression models were used as
appropriate. Genotoxicity assays and flow cytometry were
repeated twice. Calculations were performed with GraphPad
Instat 3.00 (GraphPad Software, San Diego, Calif.) or R: a
language and environment for statistical computing (Vienna,
Austrnia) (23).

Results

Atm™" mice show elevated sensitivity to DSS treatment.

Mice were monitored daily for measurement of the disease
activity index (DAD); an average score taking into account
weight loss, stool consistency, and presence of blood 1n the
stool, with a maximum score of 4. After an acute 7 day
exposure to DSS, Atm™~~ mice had a mildly higher disease
activity index compared to wildtype and heterozygous mice
(FIG. 7). Differences 1mn symptom severity became more
apparent towards the end of the second and third cycles (**:
p<<0.01), during chronic inflammation. Heterozygous and
wildtype mice had similar DAIs throughout the study, indi-
cating a lack of a gene dosage effect. In addition, Atm™"",
Atm™*~, and wildtype mice without DSS treatment had DAITs
of 0 throughout the entire study, demonstrating no baseline
clinical symptoms. Two out of ten Atm™~ mice died due to
severe symptoms and rectal prolapse; one at the end of the
second, and one at the end of the third cycle. All other mice
survived the entire treatment. During remission periods, no
signs of weight loss or persistent diarrhea were present 1n all
genotypes. Surviving mice were also followed for four weeks
alter the end of the third cycle, however no symptoms were
evident.

Elevated systemic genotoxicity in Atm™~ mice.

Since Atm™~ mice are defective in DNA double strand
break repair and have higher levels of cellular oxidative stress
(26), we hypothesized that inflammation-induced DNA dam-
age would be more pronounced. Sensitivity to treatment was
therefore assessed 1n terms of genotoxicity to peripheral leu-
kocytes, a systemic measure of DNA damage. DNA strand
breaks as well as alkali-labile sites, represented by the olive
tall moment, increased 1n wildtype mice aiter the first cycle
(p<<0.001) (FIG. 8A). Damage was repaired during the first
remission period, and successively increased after the second
cycle until 2 weeks after the last cycle of treatment, belore
repair ol damage was seen again. Oxidative base damage, as
measured by incubation with hOggl, was not significant in
wildtype mice until after the third cycle of treatment.

On the other hand, DNA strand breaks successively
increased in Atm™~ mice with treatment, regardless of the
remission periods. Olive tall moments were significantly
higher in Atm™~ mice especially after the second and third
cycles of treatment compared to wildtype mice (p<0.001).
Oxidative base damage was also more apparent in Atm™~
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mice, and more so after the end of the second cycle of treat-
ment and up to 4 weeks after the end of the last treatment
(p<0.001). Atm™~ mice therefore incur more DNA damage
than wildtype mice, especially in chronic inflammation.
DNA double-stranded breaks alone were confirmed in
peripheral leukocytes via immunofluorescence of y-H2AX
(FIG. 8B). Phosphorylation of histone 2AX, or v-H2AX,

occurs 1n response to double-stranded breaks, over a 2-Mbp
region flanking the break site (22). ATM and other ATM-like
kinases are responsible for this phosphorylation. Double-
stranded breaks were generally more prevalent in lympho-
cytes than 1 other mononuclear cells types, and peaked after
the second cycle and during the following remission period
for all three genotypes. Atm™~ mice had significantly higher
levels of double-stranded breaks during all three remission
periods than wildtype mice (p<0.05), also seen with the
comet assay. Lack of repair of double-stranded breaks was
once again evident 2 and 4 weeks after the end of treatment 1n
Atm™~ mice, possibly representing incomplete healing of the
epithelial barrier, and prolonged etlfects of chronic inflamma-
tion. Heterozygous mice demonstrated similar patterns of
v-H2AX formation to wildtype mice throughout treatment
and remission periods. A slight but non-significant increase in
double-strand break formation, however, was seen over wild-
type mice 2 weeks aiter the end of treatment.

Micronucleus formation in erythroblasts was measured as
micronucleated mature erythrocytes in the peripheral blood.
Toxicity of inflammation was evident as early as after the
acute 7 day treatment of DSS, and more severely so in Atm™"
mice (FIG. 9). Micronucleus induction was significantly
higher in Atm™™ mice at every point of blood collection
throughout treatment, and up to 4 weeks afterwards compared
to both wildtype and heterozygous mice. Similarly to yYH2ZAX
foc1 formation, heterozygous mice demonstrated higher lev-
¢ls of micronucleus formation only at 2 and 4 weeks after the
end of treatment compared to wildtype mice, further indicat-
ing the importance of AITM during chronic intflammation.
Increased sensitivity of Atm ™~ mice to chromosomal aberra-
tions 1n the bone marrow may be due to continual induction of
damage to erythroblasts in the bone marrow, or a defect 1n
clearance of micronucleated erythrocytes.

Increased 8-oxoguanine formation in peripheral blood and
colon tissue.

The presence of inflammation-derived reactive oxygen and
nitrogen species potentially causative for the observed DNA
strand breaks as well as micronucleus formation was mea-
sured 1n the form of 8-oxoguanine 1n DNA and nitrotyrosine
in proteins ol peripheral leukocytes and in the distal colon
(FIG. 10). 8-oxoguanine 1s a DNA lesion caused by the reac-
tion of oxidative reactive species such as hydroxyl radicals
with DNA causing G:C to T: A transversions during replica-
tion (27), and nitrotyrosine 1s formed from NO-1nduced per-
oxynitrite reacting along with other reactive species to
tyrosine residues of proteins (28). Wildtype mice alone dem-
onstrated significant increases aiter an acute 7 day exposure
to DSS 1n both 8-oxoguanine and nitrotyrosine formation in
peripheral leukocytes (p<0.01). Atm™~ mice also demon-
strated significant increases in 8-oxoguanine (p<0.05) and
nitrotyrosine formation (p<t0.05) after 7 days of DSS treat-
ment, however, only 8-oxoguanine formation was signifi-
cantly higher in Atm™"~ compared to wildtype mice at the end
of treatment (p<<0.05). Both 8-oxoguanine and nitrotyrosine
were also evident 1n surface epithelial cells proximal to and in
the villous crypts closest to the intestinal lumen and 1n intlam-
matory cells of the distal colon (FIGS. 10E-10H). Staining for
8-oxoguanine localized 1n the nucleus while nitrotyrosine
was evident 1n both the nucleus and cytoplasm of damaged
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cells. Staining for 8-oxoguanine was more prominent in the
Atm™~~ compared to wildtype mice (p<0.01), while nitroty-
rosine levels were similar 1n both genotypes (FIG. 101).

Persistent immune response in Atm™'~ mice.

As a possible explanation for the severe systemic genotox-
icity displayed by Atm™~ mice, the immune response at each
point of blood collection was characterized and compared to
wildtype mice. Though the innate response primarily drives
DSS-colitis and potentially the observed genotoxicity, we
hypothesized the adaptive immune response would be also
modulated and play a role in driving genotoxicity. Transcript
levels of Thl, Th17/23, and Th2 cytokines in the peripheral
blood, where genotoxicity was measured, were quantified via
quantitative real-time PCR (FIG. 11). Atm~"~ mice displayed
greater upregulation of TNF-a (Tnfl) and MCP-1 (Ccl2)
during the second remission period and after the third cycle of
treatment (p<t0.05) than wildtype mice, indicative of a chroni-
cally activated innate immune response. Levels of IL-6,
IL-12, and IL-23 were also significantly upregulated in
Atm™~ compared to wildtype mice after treatment cycles and
during remission periods, indicative of 'T-cell mediated proin-
flammatory responses. Interestingly, I1L-17 transcripts were
not detected in both genotypes. Similarly, lower levels of
IL.-17, and increased levels of Th12/23 and Thl cytokines
have been previously observed 1in DSS treated C57BL/6 mice
(29).

Although levels of IFN-y (Ifng), also an indicator of a T-cell
response, were modulated 1n Atm—/— mice, no significant
differences were seen compared to wildtype mice. The Th2
response was more pronounced in Atm™~~ mice in chronic
phases of treatment, characterized by increased expression of
IL.-4 (114), IL-10 (1110), and TGF-p (Tgib). A defect 1n toler-
ance mechanisms associated with anti-inflammatory cytok-
ines are therefore most likely not the cause of increased
sensitivity of Atm™~ mice to chronic inflammation.

T-cell populations 1n the peripheral blood were also char-
acterized by flow cytometry for CD4, CD8a, CD69, an early
activation marker of all T-cells including NK-cells (30), and
CD44, expressed on leukocytes and mvolved in recruitment,
activation, and etfector functions (31) (FIGS. 12A-D). Spon-
taneously, Atm™~ mice have significantly lower counts of
mature CD4" T-cells than wildtype and heterozygous mice, in
agreement with previous findings (FI1G. 12C) (32-34). How-
ever, a significantly larger proportion of these T-cells are
activated 1n response to DSS treatment compared to wildtype
mice as shown by positive staining for CD69 and CD44
(FIGS. 12A and 12B). Heterozygous mice demonstrated
similar levels of positive staining compared to wildtype mice
(F1G.12D). Numbers o1 CD4 and CD8a. positive T-cells were
also significantly modulated throughout treatment, most
likely representing the dynamic influx and efflux of cells
between the site of inflammation and the peripheral blood.
Percent activated T-cells remained significantly elevated
especially in remission periods in Atm™~ compared to wild-
type mice until the end of the study, indicating a persistent
Immune response.

Discussion

Atm™"™ mice have decreased numbers of circulating T-cells
due to intrinsic defects 1n T-cell progenitors and consequen-
tial developmental abnormalities of single positive thy-
mocytes (9, 32). However, though lower 1n number, mature
T-cells from A-T patients have been shown to be functionally
normal; demonstrating the capability of mounting a compe-
tent immune response (35). Atm™~ mice also do not develop
spontaneous colitis or other inflammatory disorders of the
gastrointestinal tract (36). However, when challenged with
DSS causing a disruption in the integrity of the intestinal
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epithelial barrier, we demonstrated that Atm™ ™ mice exhibit
greater severity of clinical symptoms and mortality rates,
DNA damage to peripheral leukocytes and erythroblasts, and
mount an even stronger immune response characterized by
inflammatory cytokines and circulating activated T-cells
compared to wildtype mice. A significant gene dosage etlect
was not seen 1n terms of disease activity or percent activated
T-cells, though a small increase 1n genotoxicity over wildtype
mice was seen after the third cycle; indicating potential com-
pensatory mechanisms for heterozygosity of Atm. Similarly,
Atm heterozygosity does not increase tumor susceptibility in
mice after y-trradiation compared to wildtype mice (37),
though increased susceptibility to mammary tumorigenesis 1s
seen 1n a Brcal mutant background, compared to Atm suili-
cient mice (38).

The observed systemic DNA damage can be assumed to be
inflammation mediated since DSS 1tself 1s not directly geno-
toxic (39, 40). Reactive species dertved from inflammatory
cells through oxidative burst may cause oxidative and nitra-
tive damage both locally and systemically measured by 8-0x-
oguanine and nitrotyrosine formation. Localization of this
damage to the villi, surrounding epithelial cells, and infiltrat-
ing iflammatory cells may be due to DSS-induced villous
atrophy and extensive epithelial turnover. Though ATM does
not manifest a protective role 1n terms of protein damage,
8-oxoguanine levels were found to be higher in Atm™~ mice,
demonstrating lack of repair of oxidative DNA damage 1n
addition to strand breaks. Interestingly, although DNA dam-
age remained elevated, clinical symptoms of colitis were not
present during remission periods and after the end of treat-
ment, emphasizing the role of sub-clinical inflammation in
the induction of DNA damage and the lack of repair of pre-
viously mcurred damage. High levels of inflammation-asso-
clated oxidative stress, 1n addition to inherent deficiencies in
repair of the resultant DNA damage, and partial suppression
of DNA damage response-dependent apoptosis (41, 42) may
explain the extreme sensitivity of the Atm™™ mice. An accu-
mulation of DNA damage over the entire treatment period
amidst slow DNA repair and cell turnover 1s therefore a
probable explanation for increasing levels of DNA damage in
Atm™ mice, taking into account the relatively long lifespan
of lymphocytes. Differentiation of naive T cells into Thl and
Th17 ettector cells could cause proliferation (43), in which
accumulated DNA damage can lead to fixation of mutations.

Accumulation of double strand breaks can lead to chromo-
some breaks and micronucler formation (44). Damage to
erythroblasts in the bone marrow may be a humoral effect of
inflammation-associated DNA damage, as with the periph-
eral leukocytes. Pro-inflammatory cytokines are preferen-
tially released by cells that have migrated to the sites of
inflammation rather than by resident macrophages (4). A
recirculating pool of activated monocytes may recruit and
activate eflector cells, coming into contact with erythroblasts
in the bone marrow, causing the observed clastogenicity.

The persistently activated immune response mounted by
Atm™~ mice demonstrate a possible role of ATM in immu-
noregulation during DSS treatment. The recruitment of
myeloid-derived cells to the site of inflammation, along with
resident dendritic cells, allow for phagocytosis of DSS par-
ticles and activation of the adaptive response involving dif-
terentiation of naive T-cells 1nto activated effector cells (45).
The prolonged presence of a larger percentage of activated
T-cells in Atm~'~ mice, which harbor much lower total counts
of CD4™ T cells, represents the capacity of these mice to
mount a successiul yet damaging immune response despite
this deficiency. An increase 1n messenger levels of inflamma-
tory cytokines especially during remission periods 1s 1n itself
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evidence for systemic distribution, which also corresponded
to levels of activated T-cells and genotoxicity in the peripheral
blood. This persistent activation of T-cells and upregulation
of cytokines can result 1n increased activity of macrophages
and oxidative bursts, which may be a potential explanation for
the observed direct genotoxicity to peripheral leukocytes.
Further mechanisms may be mnvestigated by administration of
enzymatic inhibitors or anti-proliferative agents.

Recent evidence has pointed to the role of DNA damage
response involving ATM 1in modulating an immune response.
Genotoxic msult and activation of the ATM/ATR pathway
was shown to upregulate ligands for the NKG2D receptor in

mice and 1n humans, present on all NK cells, yo-T cells, and
activated CD8™ T cells (46). This serves as a link between

genotoxic stress and immune activation. Therefore, not only
can the immune response potentially cause DNA damage via
oxidative burst, but DNA damage 1itself can further activate
NK-cells, potentially causing further damage if not properly

repaired, as in Atm~~ mice. Nuclear ATM has also been
shown to directly bind NF-kB essential modulator (NEMO),

a modulator of NF-kB, leading to cytoplasmic translocation
and activation of NF-kB, resulting 1n transcription of inflam-
matory and prosurvival response genes specifically in
response to tolerable DNA damage (47). These varying
modes of activation signify a coupling of stress response and
cell survival.

The lack of ATM 1n these aspects could result 1n abnormal
signaling in terms of response to genotoxic stress in the set-
ting of chronic mflammation. Transcriptional repression of
ATM has recently been found selectively 1n naive T-cells of
rheumatoid arthritis patients, in which there 1s increased
DNA damage thought to be independent of inflammation;
indicating alternative modes of increased DNA damage 1n
cells deficient 1n ATM (48). Aside from ATM deficiency,
FEN1 deficiency, a multifunctional endonuclease, leads to
incomplete digestion of DNA 1n apoptotic cells and results 1n
chronic inflammation and autoimmunity (49). Similarly,
increased levels of DNA damage resultant from chronic
inflammation, due to an inherent deficiency in double strand
break repair in Atm™'~ mice, may actually further promote
inflammation and cause further DNA damage 1n a positive
teedback loop. ATM may play therefore a protective role, not
only as a DNA damage sensor, but also as an immunoregula-
tor. The increased sensitivity to DSS treatment was not only
present as clinical symptoms from localized inflammation in
the colon, but manifested itself as a systemic 1nsult charac-
terized by genotoxicity and activation of immune responses.

In summary, Atm™~~ mice are more sensitive to DSS-in-
duced acute and chronic inflammation than heterozygous or
wildtype mice, especially during remission and up to four
weeks after the final round of treatment, demonstrating lack
of repair of incurred damage. Increased sensitivity was char-
acterized by higher incidence of mortality, climical symp-
toms, systemic genotoxicity to peripheral leukocytes and
erythroblasts, and an activated immune response including
increased transcripts of inflammatory cytokines in the periph-
eral blood. Systemic genotoxic stress induced by byproducts
of inflammation may be able to further promote inflammatory
responses and prosurvival mechanisms, via the intricate
involvement of ATM. The lack of this protein causes further
DNA damage and genetic instability, along with a more
potent immune response, possibly due to other pathways
alerting and further activating the immune response, or by
defects 1n resolution of activated effector cells. ATM there-
fore can be inferred to play a role 1n immunoregulation and
maintenance of genetic stability during inflammation, and be
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considered as a potential target for not only chronic inflam-
matory diseases but also for cancer therapy and prevention.
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Example 3

Additional Data on Characterization of Systemic
Genotoxicity and the Potential Mechanisms Involved

In an effort to further characterize susceptible cell types to
DNA damage, subpopulations of leukocytes 1n the peripheral
blood as well as cells from distant lymphoid and non-lym-
phoid tissues were analyzed for DNA single- and double-
stranded breaks. We also hypothesized that mediators of
inflammation such as tumor necrosis factor-alpha (TNF-a)
would be sufficient and necessary to induce the observed
systemic genotoxicity in mice without preexisting inflamma-
tion. DNA damage was found in both lymphoid and non-
lymphoid cell types, manifesting more damage to CD4 and
CDg8 T-cells versus other cell types. TNF-a was sullicient to
induce systemic genotoxicity in wildtype mice. Examination
of transcript levels as well as protein expression levels of the
DNA double strand break recognition and repair protein
ataxia telangiectasia mutated (ATM) in CD4 and CDS8 T-cells
revealed no differences in the IL-10~"~ compared to wildtype

mice.

Methods

Animals. Gai2™™ (B6/129Sv background, 3 months) (2)
IL-10~"~ (C3H/HelBir background, 3 or 6 months) mice were
housed 1n the UCLA Department of Laboratory and Animal
Medicine under specific pathogen free conditions, autoclaved
bedding and food, with standard rodent chow diet, acidified
drinking water, and 12:12 light:dark cycle. All mice were bred
at UCLA except IL-10~~ and C3H/HelJ which were pur-
chased from Jackson Laboratory (Bar Harbor, Me.).

Blood/Tissue collection. Peripheral blood was collected
via the facial/mandibular vein with a 5 mm lancet (Braintree
Scientific, Braintree, Mass.) into EDTA coated collection
tubes (Braintree Scientific). For magnetic bead separations, a
terminal bleed utilizing 500 ul. was used. For the comet assay,
blood was immediately diluted 1:1 in RPMI1/10% DMSO and
immediately frozen at —80° C. until further analysis. Freshly
collected blood was immediately processed for all other
assays. Spleens, peripheral lymph nodes (PLN) including
both axillary and inguinal lymph nodes (at least 5/mouse) and
mesenteric lymph nodes (MLN) (at least 5/mouse) were har-
vested and processed into single cell suspensions in RPMI/
10% FBS for further analysis. Isolation of intestinal epithe-
lial/intraepithelial cells was done as described previously (3).
Assessment of DNA Damage

Alkaline comet assay. To detect DNA strand breaks, as well
as alkal1 labile sites 1n DNA, the alkaline comet assay was
performed as described elsewhere (4). Frozen blood or single
cell suspensions were thawed on 1ce and further diluted 1:15
in PBS before further sample preparation. After lysis and
clectrophoresis, gels were stained with SYBR Gold (Molecu-
lar Probes) and visualized under a fluorescent microscope
(Olympus Ax70, Tokyo, Japan) at 10x magnification. Comet
images were captured and analyzed with the CASP 1mage
analysis program (http://casp.sourcetorge.net). The olive tail
moment, which represents both tail length and fraction of
DNA 1n the tail, was used for data collection and analysis, 1n
which apoptotic cells were excluded under previously pro-
posed criteria (4).

Determination of oxidative DNA damage. For determina-
tion of oxidative DNA damage the enzyme hOggl-modified
comet assay was used (5). After lysis in the alkaline comet
assay, samples were washed 1n an enzyme wash butier (40
mM HEPES, 0.1M KC(C1, 0.5 mM EDTA, 0.2 mg/ml BSA, pH
8.0) then incubated at 37° C. for 10 min 1n either control

(butfer with no hOGG1) or enzyme treated (bufler with
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hOGG1) solutions according to the manufacturer’s recom-
mendations (New England Biolabs, Ipswich, Mass.). Both
control and enzyme treated gels were then placed 1n electro-
phoresis bulfer and processed identically to the alkaline
comet assay.

Immunofluorescence. Peripheral blood and splenocytes
were incubated in Buliler EL ((Q1agen, Valencia, Calif.) on ice
to remove erythrocytes. Other single cell suspensions did not
require erythrocyte lysis. Samples were then processed on
coverslips as described elsewhere (6). Briefly, after perme-
abilization and blocking, cells were incubated with mouse
anti-phospho-Histone H2A.X S139(P) (Upstate, Temecula,
Calif.) at 1:400 followed by FITC-conjugated anti-mouse
IgG (Jackson ImmunoResearch, West Grove, Pa.) at 1:200.
Coverslips were mounted with VECTASHIELD with 4,6-
diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, Calif.). Images were captured with FISH analysis soft-
ware (CytoVision, Applied Imaging Corporation, San Jose,
Calif.) connected to a Zeiss automated FISH microscope. At
least 125 cells were counted and cells with more than four
distinct foci 1n the nucleus were considered positive (6). Apo-
ptotic cells are easily distinguishable due to presence of
10-fold higher number of nuclear foci than highly damaged
cells (7), and were not included 1n analyses.

In vivo micronucleus assay. Micronucleus formation was
determined 1n normochromatic erythrocytes as micronucle-
ated normochromatic erythrocytes per 1000 normochromatic
erythrocytes as described previously (1, 8).

Magnetic bead 1solation of cells. Individual subpopula-
tions of cells in the peripheral blood were 1solated by mag-
netic bead 1solation. Leukocytes were separated from whole
blood by density centrifugation with Histopaque-1119
(S1gma) according to manufacturer’s imstructions. Cells were
then labeled with MicroBeads conjugated to monoclonal
mouse antibodies (anti-CD4, anti-CDS8, anti-CD19, anti-
CD11c, or ant1-CD3) and magnetically separated by positive
selection on MS columns (Milteny1 Biotec, Bergisch Glad-
bach, Germany).

Injection of cytokines. Mouse TNF-a (Sigma) and/or
mouse IL-1 (Sigma) were 1njected via the tail vein at 500
ng/mouse and 100 ng/mouse, respectively, dissolved in
saline. Control amimals received vehicle only. Peripheral
blood was collected at 1 hr, 2 hrs, 4 hrs, and 24 hrs after
injection for genotoxicity assays.

Gene and protein expression. Gene expression was mea-
sured as mRINA transcript levels of ataxia telangiectasia
mutated (ATM) and xeroderma pigmentosum group C (XPC)
standardized to TATA box binding protein (1 BP), the internal
control gene 1n peripheral leukocytes by quantitative real time
PCR as previously described (Westbrook et al) utilizing Tag-
man Gene Expression kits for ATM and TBP (ABI). Protein
expression was measured as mean tluorescence itensity of
anti-ATM protein kinase (pSerl981) by flow cytometry.
Briefly, cells were stained for cell surtace markers (PE-anti-
CD4 or PerCP anti1-CD8), and then processed for intracellular
staining. Cells were fixed with 1.5% paratormaldehyde for 10
min at room temperature, permeabilized, and then stained
with FITC-anti-pATM (Rockland Immunochemicals, Inc) or
the appropriate 1sotype control.

Statistical  analyses. Results are expressed as
meanzstandard error of the mean. Statistical significance was
determined by nonparametric one-way/two-way ANOVAs
with Dunn’s multiple comparison post test or paired Stu-
dent’s t-tests, defined as p<0.05. Calculations were per-
tormed with the statistical analysis software GraphPad Instat
version 3.00 (GraphPad Software, San Diego, Calif.) or R: A
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Development Core Team (2007). R foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http:// www.R-project.org).

Results

Differences 1n susceptibility to DNA damage 1n peripheral
blood subpopulations.

In order to determine leukocytes that may be more or less
sensitive to mflammation-associated genotoxicity, subpopu-
lations 1n the peripheral blood were i1solated via magnetic
bead separation and analyzed for DNA damage in Goi2™"~
and 1L-107"" mice. CD4" T-cells from IL-107" mice had
significantly more DNA strand breaks as measured by the
mean olive tail moment 1n the comet assay and as percent
positive cells for yv-H2AX foc1 compared to wildtype litter-
mates and to other cell types including CD19™ B-cells and
CD11b™ macrophages (FIGS. 13A and 13B). The eluate,
which contained cell types not positively selected for by
magnetic beads, from IL-107"" mice seemed to contain sig-
nificantly higher percent positive cells for yv-H2AX foci com-
pared to wildtype mice.

In Gai2™~ mice, whose disease progression is faster and
more severe than in IL-107"~ mice, DNA strand breaks were
observed more frequently 1 multiple cell types including
CD4™ and CD8™ T-cells, as well as in CD11b™ macrophages
compared to heterozygous littermates which do not develop
colitis and to CD197B-cells and cells 1n the eluate (FIGS. 13C
and 13D). Results from the alkaline comet assay and y-H2AX
immunostaining correlated with each other, demonstrating a
wider array of cell types damaged in the peripheral blood
compared to the IL-10~"~ mice. Clinical severity of inflam-
mation therefore may correlate to a wider array of cell types
affected.

Genotoxicity in Lymphoid Organs

Lymphoid organs such as the spleen, mesenteric lymph
nodes, and peripheral lymph nodes were 1solated into single
cell suspensions from IL.-10~"~ and wildtype mice, and ana-
lyzed for DNA damage. Surprisingly, all lymphoid tissues
demonstrated significant genotoxicity compared to wildtype
mice, characterized by DNA single- and double-stranded
breaks, comparable to that seen 1n the peripheral leukocytes
(FIGS. 14A-14C). Mesenteric lymph nodes, though physi-
cally 1n closest contact with the site of inflammation 1n the
colon, demonstrated similar levels of DNA damage found 1n
the peripheral lymph nodes, collected at distant sites relative
to the site of inflammation. The spleen also showed similar
levels of strand breaks, indicating systemic circulation of the
components and cell types in the immune response mnvolved
in potentially causing the observed genotoxicity.

Previously, we have demonstrated DNA damage to corre-
late to disease activity in the peripheral blood of 1L-107'"
mice (1). Similarly, utilizing younger IL-10""~ mice of 8
weeks of age with subclinical inflammation demonstrating
lower clinical disease activity indices than those at 6 months
of age, DNA damage 1n all the lymphoid organs was found to
be lower compared to the older mice (FIGS. 14A-14C). Lev-
¢ls of oxidative base damage, measured by the alkaline comet
assay with hOggl incubation, however were similar 1n the 8
week old mice compared to the 6 month old mice (FI1G. 14C).
Therefore, systemic DNA damage in the form of strand
breaks correlates to disease activity in both the peripheral
blood as previously demonstrated and the lyvmphoid organs of
these mice.

Large and Small Intestinal Epithelial Cell Genotoxicity

In addition to peripheral leukocytes and lymphoid organs,
intestinal epithelial cells and intraepithelial cells were 1so-
lated from the large and small intestine of IL-10~"~ (6 months
of age) and wildtype mice. As expected from the sites of
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inflammatory activity, epithelial cells from the large intestine
harbored greater genotoxicity than those from the small intes-
tine, and IL-10~"~ mice demonstrated greater genotoxicity to
intestinal epithelial cells of both the small intestine and large
intestine than wildtype mice (FIGS. 15A and 15B). Genotox-
icity was characterized by presence of DNA single- and
double-stranded breaks with oxidative base damage.
TNF-c 1s Sufficient to Induce DNA Damage

In order to determine suificiency of a cytokine 1n inducing,
DNA damage, recombinant mouse TNF-¢. or saline was
injected into the tail vein of wildtype mice (6-8 weeks of age)
without any basal inflammatory activity. As soon as 1 hour
post-injection, DNA damage to peripheral leukocytes was
observed only 1n treated mice, which continued to remain
clevated until approximately 4 hours post-injection, and then

appeared to be repatred within 24 hours post-injection (FIGS.
16 A and 16B). Damage was observed in both the alkaline
comet assay and by formation of y-H2AX foci1. Micronuclei
formation to erythroblasts measured 1n circulating normo-
chromatic erythrocytes and indicative of clastogenicity, was
mimmally yet significantly elevated 48 hours post-injection
compared to before imjection (FIG. 16C).

In addition to the peripheral leukocytes, similar profiles of
DNA damage were observed in the lymphoid organs such as
in the spleen, mesenteric and peripheral lymph nodes 1.5
hours post-injection of the identical dose of recombinant
TNF-a (FIGS. 17A-D). DNA strand breaks were once again
most evident in CD4 and CDS8 T-cells versus other cell types
in the peripheral blood, as well as 1n the spleen and the
peripheral lymph nodes. DNA damage was evident in the
form of both single and double strand breaks accompanied by
oxidative base damage as demonstrated by the mean olive tail
moments and percent positive cells for yv-H2AX foci.

To determine whether or not a combinatorial administra-
tion of cytokines would yield a different genotoxicity profile
than with TNF-a alone to peripheral leukocytes, recombinant
mouse IL-1 was injected via the tail vein at 100 ng per mouse
alone or 1n combination with 500 ng of recombinant mouse
TNF-c.. Administration of IL-1f alone resulted in maximum
DNA damage to peripheral leukocytes occurring at 4 hours
post-injection (versus 1 hour post-injection for TNF-a alone),
tollowed by complete repair of damage by 24 hours post-
injection (FIGS. 18A-C). However, when both cytokines
were administered together, strand breaks and oxidative base
damage measured by the alkaline comet assay increased dra-
matically at 4 hours post-injection and remained elevated
even after 24 hours post-imjection (FIG. 18A). DNA double
strand breaks, specifically measured by v-H2AX foc1 forma-
tion, however increased as soon as 1 hour post-injection, and
then remained at the same levels until 24 hours post-injection
indicating lack of DNA repair (FIG. 18B). Micronuclei for-
mation was also elevated at 48 hours post-injection (FIG.
18C), imndicating clastogenicity.
Increased Genotoxicity i 1L-10
Decreased Expression of ATM

A recent study demonstrated that CD4 T-cells from rheu-
matoid arthritis patients selectively were deficient 1n tran-
script and protein levels of ATM, causing increased DNA
strand breaks and rendering T-cells sensitive to apoptosis and
premature 1mmunosenescence (9). Levels of expression in
terms of transcript levels and protein levels of ATM were
therefore analyzed in order to see whether or not similar
decreased DNA repair capabilities were a potential explana-
tion for sustained systemic genotoxicity in the peripheral
leukocytes of 1L-10 mice with colitis. Transcript levels of
ATM were almost 1dentical in wildtype mice and 1L-10 KO
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mice, as well as protein expression of activated pATM mea-
sured by flow cytometry (FIG. 19).
Discussion

Further characterization of intestinal inflammation-associ-
ated systemic genotoxicity as well as the determination of
underlying mechanisms will give insight into the progression
of associated diseases arising outside the intestinal tract such
as lymphomas, effects on lymphocyte mediated immune
responses, as well as illuminate potential areas of therapeutic
utility. In addition to that of intestinal inflammation, mecha-
nistic insights will carry much broader implications as
patients with various other inflammatory diseases have
recently been found to carry DNA damage to peripheral leu-
kocytes or to specific subpopulations thereol. These include
type 1 and 2 diabetes (10), rheumatoid arthritis (9), systemic
lupus erythromatosus (11), liver cirrhosis (12), and pre-neo-
plastic conditions such as myelodysplastic syndrome (13).

DNA damage to CD4 and CDS8 T-cells predominantly ver-
sus other cell types in the peripheral blood in IL-10~~ mice
demonstrates that inflammation-induced DNA damage 1s not
completely random, given that T-cells only represent 30-40%
of total circulating leukocytes. In the more severe Goi2 ™'~
model, though the DNA of CD4 and CDS8 T-cells may have
been damaged first due their relative sensitivity, other cell
types including the macrophages and to a lesser extent,
B-cells were also damaged. This may indicate a correlation
between severity of pathology and the inflammatory response
with DNA damage to multiple cell types. In accordance with
our data, others have also found relatively more damage to
T-cells versus other cell types 1n the blood, such as in rheu-
matoid arthritis patients (9), and both basally and after treat-
ment with hydrogen peroxide in 1solated peripheral blood
(14). Further basal differences have also been observed
between naive and memory T-cells in which the latter has
been found to have greater DNA damage and thus a shorter
lifespan than the naive T-cells, which have a half life of
150-160 days (15). Longer lifespan, however could also lead
to accumulation of DNA damage over time, despite having
intact DNA repair capabilities, such as when comparing gen-
erally long-lived T-cells to short-lived B-cells, which depends
on many factors including antigenic stimulation (14). The
sensitivity of the CD4 and CDS8 T-cell populations during
inflammation may indicate excessive cellular stress, in which
repair and cellular defense mechanisms cannot keep up with
the oxidative environment of an inflammatory response. This
can be supported by the fact that activated T-cells or T-cells
infected with human immunodeficiency virus (HIV) contain
clevated levels of mitochondnal superoxide and thus carry a
reduction 1n the mitochondrial membrane potential (16).
Other cell types, such as macrophages are selectively known
to have defense mechanisms such as the constitutive expres-
s1ion of heme-oxygenase 1 (HO-1) to act as an “anti-inflam-
matory” agent which 1s further upregulated during acute
inflammation by production of carbon monoxide and biliru-
bin (17), as well as a large number of strong antioxidant
enzymes including superoxide dismutases, catalases, and
glutathione peroxidases. Therefore, differing ROS scaveng-
ing and levels of antioxidant response enzymes, DNA repair
capabilities, life span, and cellular permeability may explain
the differences observed 1n sensitivity of cell types and 1n the
context of the clinical severity of disease.

Genotoxicity to the lymphoid organs including the mesen-
teric lymph nodes, peripheral lymph nodes, and spleen, as
well as to the intestinal epithelial cells in the IL-10~"" mice
indicate both local as well as systemic damage that either may
be indicative of circulating damaged leukocytes into and out
of the peripheral lymphoid organs, or leukocytes that are
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damaged at these distant sites due to a systemic inflammatory
response. Importantly, IL-10~~ mice demonstrate a correla-
tion of DNA damage to severity of disease activity (which
progresses with age) 1n the peripheral lymphoid organs. This
disease activity correlation has previously been demonstrated

in the peripheral leukocytes of chemically-induced colitis as
well as 1n the IL-107" mice (1).

It 1s important to note that many models ol intestinal
inflammation imcluding Gai2~'~, IL-107~, and DSS-treated
mice display systemic inflammation characterized by pres-
ence of activated T-cells and increased cytokine production
such as TNF-a and IFN-v, 1n not only the colon and lamina
propria, but also 1n splenocytes and peripheral lymph nodes
(18-20). Systemic inflammatory activation and immune
hyper-responsiveness 1n these models observed in distant
immune cells may therefore serve as a mechanism for the
observed systemic genotoxicity.

We have found that a single injection of recombinant
mouse TNF-a 1s sufficient to induce genotoxicity to periph-
cral leukocytes in healthy wildtype mice. Treatment for
Crohn’s disease as well as ulcerative colitis currently involves
TNF-a blockers such as Remicade®, indicating the direct
role of TNF-c. 1n pathogenesis. It still remains to be explored
whether or not the ligand binding to the TNF receptors 1tsell,
or downstream pathways involved 1n inflammatory activation
of immune cells are responsible for the observed DNA dam-
age. Interestingly, similar to what was seen 1n the models of
chronic intestinal inflammation, CD4 and CDS8 T-cells proved
to be more sensitive than other cell types in the peripheral
blood, and the peripheral lymphoid organs also manifested
genotoxicity, albeit less than observed in the genetic models
of colitis. High bioavailability of TNF-¢. 1n the peripheral
lymphoid tissues may contribute to the observed DNA dam-
age to these sites, since only a single bolus dose was admin-
istered. When combined with injection of IL-1f3, another
prominent cytokine found to be elevated 1n multiple models
of chronic intestinal inflammation, DNA damage persisted
for up to 24 hours without repair, indicating synergistic or
delayed effects 1n the induction of genotoxicity. Circulating
cytokines such as TNF-a and IL-1p in chronic intestinal
inflammation therefore play a role in inducing systemic geno-
toxicity even without basal inflammatory activity. Further
DNA damage, when persistent, may lead to genetic alter-
ations which would be sufficient to create an inflammatory
microenvironment, even if no previous intlammatory state 1s
observed (21). The persistently elevated levels of large net-
works of cytokines/chemokines as well as their interactions,
which better represent actual active intestinal inflammation,
may therefore explain the chronically elevated levels of DNA
damage observed systemically 1n multiple cell types.

In rheumatoid arthritis patients, expression of ATM, and
DNA double strand break recognition and repair protein, was
found to be downregulated selectively in CD4 T-cells explain-
ing their susceptibility to increased DNA damage and higher
turnover rates (9), and we have recently demonstrated
increased susceptibility to chemically induced colitis in ATM
deficient mice (8). Therefore, the DNA repair capability of
leukocytes 1n terms of expression of ATM and XPC, a nucle-
otide excision repair protein, was analyzed in IL-10""" mice
with colitis. Transcript levels of ATM and XPC were 1dentical
to wildtype mice, and protein levels of pATM were also not
significantly different in CD4 or CDS8 T-cells between the two
genotypes, indicating competent DNA repair capabilities.
Other models such as the Gai2™~ mice whose pathogenesis
involves different mechanisms, may however show different
DNA repair capabilities compared to wildtype mice.
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In summary, the use of DNA damage assays to diagnose
and monitor patients 1n chronic intestinal intlammation 1s
teasible due to the strong correlation to disease activity 1n
mouse models, and preliminary pilot data obtained from
blood samples of IBD patients with or without active disease
(see Example 4, below). Mechanisms and further implica-
tions of systemic genotoxicity are still being investigated,
though susceptible cell types have been 1dentified and cytok-
ines such as TNF-a and IL-1§3 have been found to be sufili-
cient to induce DNA damage. Further work 1s necessary to
outline suificiency and necessity of events downstream of
cytokine administration such as with TNFR deficient mice or
administration of enzymatic inhibitors and anti-proliferative
agents.
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Example 4

Peripheral Leukocytes from IBD Patients
Demonstrate Genotoxicity

This example demonstrates presence of DNA damage, as
detected via the alkaline comet assay and y-H2AX foci for-
mation, in an analysis of peripheral leukocytes of 19 1intlam-
matory bowel disease (IBD) patients with active disease and
in those 1n remission.

A pilot study utilizing 19 IBD patients from Mount Sinai
Medical Center demonstrated significant genotoxicity to
peripheral leukocytes 1n both the alkaline comet assay and in
v-H2AX foci formation. Patients with active disease as well
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as those in remission were analyzed (FIG. 20). Active
Crohn’s disease patients demonstrated severe DNA damage
by both assays, while those 1n remission were relatively nega-
tive for DNA damage. A couple patients with other diseases
including combined variable immunodeficiency disease and
hypogammaglobulinemia demonstrated DNA damage as
well. Further studies with more negative controls can be done
for further validation.

Total Number Positive for

Disease of Patients DNA damage
Active Crohn’s disease 2 2
Remission Crohn’s disease 6 2
Common variable 7 2
immunodeficiency

Ulcerative colitis 2 1
Hypogammaglobulinemia 1 0

Throughout this application various publications are refer-
enced. The disclosures of these publications 1n their entireties
are hereby incorporated by reference into this application 1n
order to describe more fully the state of the art to which this
invention pertains.

From the foregoing 1t will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of illustration, various modifications may
be made without deviating from the spirit and scope of the
invention. Accordingly, the invention 1s not limited except as
by the appended claims.

What 1s claimed 1s:

1. A method for detection of inflammatory disease activity
in a subject, wherein the mflammatory disease activity com-
prises lung disease, the method comprising:

(a) contacting a test sample of peripheral leukocytes from
the subject with reagents for assaying for a marker of
DNA damage;

(b) measuring the amount of marker present i1n the test
sample as compared to a control sample; and

(c) determining the presence of lung disease when an
clevated amount of marker 1s present 1n the test sample
compared to the control sample.

2. The method of claim 1, wherein the marker of DNA
damage 1s single- and/or double-stranded breaks in leuko-
cytes.

3. The method of claim 2, wherein the measuring com-
prises an immunoassay for y-H2AX and/or an alkaline comet
assay.

4. The method of claim 1, wherein the marker of DNA
damage 1s oxidative DNA damage in leukocytes.

5. The method of claim 4, wherein the measuring com-
prises an enzyme hOggl-modified comet assay or an 1mmu-
noassay for 8-oxoguanine.
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6. The method of claim 1, wherein the marker of DNA
damage 1s nitric oxide-mediated oxidation activity.

7. The method of claim 6, wherein the measuring com-
prises an immunoassay for protein mtrotyrosine in leuko-

cytes.

8. The method of claim 1, wherein the peripheral leukocyte
1s a lymphocyte or a monocyte.

9. The method of claim 1, wherein the sample of peripheral
leukocytes 1s obtained from peripheral blood, or fluid of a
body cavity.

10. The method of claim 9, wherein the fluid of a body
cavity 1s pleural, peritoneal, cerebrospinal, mediastinal, or

synovial tluid.
11. The method of claim 1, wherein the lung disease 1s

chronic obstructive lung disease.
12. The method of claim 1, wherein the lung disease 1s

asthma.
13. The method of claim 1, wherein the lung disease 1s

interstitial pneumonitis.

14. A method for momtoring the efficacy of treatment of
inflammatory disease in a subject, wherein the inflammatory
disease comprises lung disease, the method comprising:

(a) contacting a test sample of peripheral blood leukocytes
obtained from the subject at a first time point with
reagents for assaying for a marker of DNA damage;

(b) contacting a test sample of peripheral leukocytes
obtained from the subject at a second time point with
reagents for assaying for a marker of DNA damage,
wherein the subject has been treated for inflammatory
disease prior to the second time point;

(¢) measuring the amount of marker present 1n the test
samples obtained at the first and second time points; and

(d) determining whether a decreased amount of marker 1s
present 1n the test sample obtained at the second time
point compared to the test sample obtained at the first
time point, which decreased amount of marker 1s indica-
tive of effective amelioration of the lung disease.

15. The method of claim 14, wherein the marker of DNA
damage 1s single- and/or double-stranded breaks in leuko-
cytes.

16. The method of claim 15, wherein the measuring com-
prises an immunoassay for yv-H2AX and/or an alkaline comet
assay.

17. The method of claim 14, wherein the marker of DNA
damage 1s oxidative DNA damage in leukocytes.

18. The method of claim 17, wherein the measuring com-
prises an enzyme hOggl-modified comet assay or an 1mmu-
noassay for 8-oxoguanine.

19. The method of claim 14, wherein the marker of DNA
damage 1s nitric oxide-mediated oxidation activity.

20. The method of claim 19, wherein the measuring com-
prises an immunoassay for protein nitrotyrosine in leuko-
cytes.
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